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Abstract
Semiconductor nanocrystals, like quantum dots (QDs) and quantum rods (QRs), have
tunable optoelectronic properties that depend on their composition, size and asymmetry. A small
change in size or aspect ratio can lead to measurable changes in optical absorption and
photoluminescence emission energies, as well as varied degrees of polarized optical behaviors at
those energies. My dissertation research focuses on investigating the role of anisotropy on the
optoelectronic and colloidal properties of quantum rods, as well as using DNA-mediated selfassembly to align these quantum rods on DNA origami for energy transfer applications in
biocompatible systems. First, CdSe of systematically varied aspect ratios and emission colors, as
well as core/shell CdSe/CdS of different microstructures were synthesized and characterized.
Next, the surface ligand chemistry of these nanocrystals with increasing aspect ratios was
investigated. Specifically, the binding strength and surface coverage of phosphonic acid capping
ligand was studied using a series of solution nuclear magnetic resonance spectroscopy (NMR)
techniques, including the traditional one-dimensional 1H, as well as the more advanced twodimensional diffusion ordered spectroscopy (DOSY) and relaxation ordered spectroscopy
(ROSY). My work revealed that as the aspect ratio increases, there’s a transition of ligand
binding from a tightly bound and close-packed monolayer model to a sparse, weakly bound, flat
and wrapping system. To harness the unique anisotropic optical properties of these QRs in DNAmediated assemblies, I modified their surface with both lipoic acid-appended zwitterion (LAZW) ligands using a photo-ligation route, and single-stranded DNA (ssDNA) using a protectiondeprotection strategy. The resulted rods had good colloidal stabilities with the optical properties
well-preserved in aqueous environments. Lastly, the functionalized QRs were assembled on
DNA origami substrate in pre-designated patterns based on the design of capture strand arrays on

DNA origami. As the QRs had different emission colors and were assembled into different QRbinding zones on origami with controlled orientations and distances. The morphologies and the
optical characteristics of the assemblies were explored in light of potential Förster resonance
energy transfer (FRET) gains.
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List of Figures
Figure 1.1. The development of DNA nanostructures. The two different approaches originated
from 1996 of using DNA bonds to construct rigid nanostructures have branched into two major
fields in DNA nanotechnology today.
Figure 1.2. Representative strategy for DNA conjugation and assembly of nanoparticles with
different functionality, including plasmonic (gold), magnetic (iron oxide), catalytic (palladium)
and luminescent (quantum dots). (a) Stepwise DNA functionalization strategy of hydrophilic and
hydrophobic nanoparticles. (b) Two kinds of assembly strategy, direct hybrid and linker hybrid.
Figure 1.3. Representative strategy for a star-shaped DNA origami design and assembly. (a) A
target geometric model is approximated with rows. (b) Folding path of the origami, each row
represents a DNA helix. (c) Details of the DNA origami with routing of the scaffold strand (dark
grey) and staple strands (colored). (d) Different strands are mixed in a salted buffer solution with
selected thermal ramping (e) AFM images of the assembled structure.
Figure 1.4. Examples of applications utilizing DNA nanotechnology. (a) Different 3D gold
nanoparticle superlattices that are assembled from frames made with DNA origami. (b) Design
and TEM analysis of an aptamer-gated nanorobot, where a DNA origami barrel structure
encapsulates antibodies and opens upon binding with the protein target.
Figure 1.5. Representative Jablonski Diagram illustrating the exciton states of nanocrystals in
the absorption and emission processes.
Figure 1.6. (a) Representation of CdSe with wurtzite crystal structure and anisotropic growth
along the c-axis. (b) Illustration showing the binding of methylphosphonic acid (MPA) molecule
to the (101"0) nonpolar facet and the Cd-covered (0001) polar facet.
Figure 1.7. Scheme illustrating the exciton confinement conditions for two types of core/shell
systems with the seeded nanorod structure.
Figure 1.8. (a) Fluorescence images of a single CdSe/CdS QR taken at different angles in two
orthogonal polarization directions (H and V). (b) The degree of polarization, p, was calculated
based on equation 1.2 and fitted into sinusoidal functions for different samples. (c-e) AFM phase
images of the QR samples. The measured orientation angles correlate well with the PL
polarization angles labeled in (b). (f) Photoselection photoluminescence excitation (PS-PLE)
measurements on both rod-in-rod and dot-in-rod systems show that, extrema in the anisotropy
spectra correlate with excited state absorption transitions in the PLE spectra.
Figure 1.9. Molecular orbital diagram illustrating the effect of ligand binding on the electronic
states of surface Cd and Se atoms. The red levels represent the mid-gap electronic states of some
surface atoms. As the result of the ligand binding, new sets of molecular orbitals are formed and
reduce the possibility of non-radiative decay.
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Figure 1.10. Schematic illustration of the monolayer exchange process for CdSe QR.
Hydrophilic ligands with at least an anchor group and a stabilizer component can directly replace
the native hydrophobic ones from the as-synthesized QR.
Figure 1.11. Analytical techniques that used to characterize different properties of QR.
Figure 2.1. Representative TEM micrographs (top) for CdSe synthesized at aspect ratios (l/w) of
1.0 (a) and 1.7 (b) with statistical analysis (bottom).
Figure 2.2. Representative TEM micrographs (i) of CdSe at increasing l/w = 2.4 (a), 4.8 (b) and
5.2 (c) with statistical analysis (ii-iv).
Figure 2.3. Representative TEM micrographs of core/shell quantum rods with different microstructures: dot-in-rod (d/r) CdSe/CdS QR with l/w = 11.7 (a) originated from CdSe at l/w = 1.0,
and rod-in-rod (r/r) CdSe/CdS QR with l/w = 7.5 (b) synthesized from CdSe at l/w = 4.8.
Figure 2.4. Representative HRTEM micrographs of CdSe at l/w = 1.7 (a) and d/r-CdSe/CdS at
l/w = 11.7 (b).
Figure 2.5. Representative XRD spectra for CdSe at l/w = 1.0, 1.7, 2.4, 4.8 and 5.2 (left), d/rCdSe/CdS at l/w = 11.7 and r/r-CdSe/CdS at l/w = 7.5 (right) with standards of Wurtzite CdSe
and CdS (bottom).
Figure 2.6. Normalized UV-Vis absorption (dotted line), PL emission (solid line) and PL
anisotropy (<r>, inset) spectra for CdSe at l/w = 1.0, 1.7, 2.4, 4.8 and 5.2.
Figure 2.7. Normalized UV-Vis absorption (dotted line), PL emission (solid line) and PL
anisotropy (inset) spectra for d/r-CdSe/CdS at l/w = 11.7 and r/r-CdSe/CdS at l/w = 7.5.
Figure 2.8. Normalized UV-Vis absorption (a) and PL emission (b) spectra from monitoring the
S-TOP solution addition. (c) Comparison of the optical and PL anisotropy (inset) spectra before
and after the S-TOP solution addition. (d) PL quantum yield evolution of the reaction solution
measured in situ. (e) PL quantum yield of the sampled aliquots and the stock solution measured
after different periods of time.
Figure 3.1. Representative UV-Vis absorption, PL emission, PL anisotropy (<r>) and TEM
micrographs for PA-capped CdSe synthesized at aspect ratios (l/w) of 1.0 (a), 1.7 (b), 2.4 (c), and
4.8 (d).
Figure 3.2. 1H NMR spectra of PA-capped CdSe at l/w = 1.0, 1.7, 2.4, and 4.8. Peaks for the PA
methyl (a), methylene (b) and headgroup (c) protons, as well as the deuterated solvent (toluened8, †) and solvent impurities (*) are indicated.
Figure 3.3. Representative 2D 1H DOSY results for PA-capped CdSe with l/w = 1.0 (a), 1.7 (b),
2.4 (c), and 4.8 (d).

xi

Figure 3.4. Full DOSY results for PA-capped CdSe at l/w = 1.0 (a), 1.7 (b), 2.4 (c), and 4.8 (d).
Figure 3.5. Summary plots of average diffusion times (Dave) (a), calculated PA ligand densities
(LD) (b), average relaxation time (T1(ave)) (c) and change in T1 (DT1) (d) values determined
from DOSY and ROSY analysis.
Figure 3.6. Representative 2D 1H ROSY results for PA-capped CdSe with l/w = 1.0 (a), 1.7 (b),
2.4 (c), and 4.8 (d).
Figure 3.7. Full ROSY results for PA-capped CdSe at l/w = 1.0 (a), 1.7 (b), 2.4 (c), and 4.8 (d).
Figure 3.8. Representative TEM micrograph (a) with statistical analysis (ii-iv), normalized UVVis absorption, PL emission and PL anisotropy spectra (b), XRD (c), 2D DOSY (d) and ROSY
(e) NMR plots for CdSe with higher l/w of 5.2 (l = 26.7 ± 3.4 nm, w = 5.2 ± 0.6 nm).
Figure 3.9. Representative UV-Vis absorption, PL emission, PL anisotropy (<r>) and TEM
micrographs for PA-capped d/r-CdSe/CdS (a) and r/r-CdSe/CdS (b) with l/w = 11.7 (a), and 7.5
(b), respectively.
Figure 3.10. The 2D DOSY (i) and ROSY (ii) results for d/r-CdSe/CdS at l/w = 11.7 (a) and r/rCdSe/CdS at l/w = 7.5 (b).
Figure 3.11. Full DOSY (i) and ROSY (ii) results for d/r-CdSe/CdS at l/w = 11.7 (a) and r/rCdSe/CdS at l/w = 7.5 (b).
Figure 3.12. A schematic illustration of the proposed phosphonic acid (PA) binding at CdSe and
CdSe/CdS nanocrystals of increasing aspect ratio (l/w).
Figure 4.1. 1H NMR spectra of (a) product 1: LA-N,N-dimethyl-1,3-propanediamine and (b)
product 2: lipoic acid-zwitterion.
Figure 4.2. Fluorescence images of red-colored CdSe/CdS QR(652) (top) and orange-colored
CdSe/CdS QR(618) (bottom) before photoligation (only in top layer of organic solvent toluene),
after photoligation (precipitated out at the bottom of hexane-methanol two-phase solution) and
after dissolved in aqueous media (homogeneous solution).
Figure 4.3. FTIR results at the low and high regions characterizing the ligand coating for the assynthesized hydrophobic QR (red) and phase transferred hydrophilic QR (purple) with the pure
LA-ZW ligand as a reference (blue). Water subtraction was performed for the latter two samples.
Figure 4.4. Normalized (a) UV-Vis absorption and (b) photoluminescence (PL) emission spectra
of the hydrophobic (solid lines), hydrophilic with ZW-coating (dotted lines) and ZW/DNA cofunctionalized (dashed lines) red- and orange-colored QRs. (c) PL anisotropy spectra showing
the non-linear excitation dependent polarized emission of both colors of QRs.
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Figure 4.5. Fluorescence images of ZW-coated orange-colored CdSe/CdS QR in DI water over
different periods of time. The image on top was taken right after the addition of NaCl. For each
panel, the excess NaCl concentrations from left to right are: 0 M, 100mM, 300mM, 500mM and
1M.
Figure 4.6. Comparison of the absorption (a) and emission (b) spectra of the supernatant
collected after ultracentrifugation, one tube contains U-type ssDNA-coated QR for U’-Cy3
ssDNA to hybridize, the control tube has only the U’-Cy3 ssDNA. Inset in (b) shows the lowintensity peak at 563nm from free Cy3 in the QR tube. (c) A calibration curve was established by
serial dilution to set up a standard function between the U’-Cy3 PL intensity and concentration.
Figure 4.7. (a) 1H NMR spectrum of the lipoic acid-zwitterion ligand and its peak assignments
from the updated synthesis protocol. (b) Normalized UV-Vis absorption (dotted line), PL
emission (solid line) and (c) corresponding PL anisotropy spectra of the hydrophobic,
hydrophilic with ZW-coating and U-DNA/ZW co-functionalized red-colored QR(663). Optical
images of ZW-functionalized QRs (d, from left to right: ZW-QR(652), ZW-QR(660) and ZWQR(618)) and DNA/ZW-functionalized QRs (e, from left to right: U/ZW-QR(652), U/ZWQR(660), T/ZW-QR(618) and U/ZW-QR(618))
Figure 5.1. (a) Schematic illustrations of DNA origami with dimensions labeled from top and
side, and potential capture strands positions highlighted by small hollow circles in zone A and B.
(b) Detailed scheme from caDNAno software of DNA hybridization between M13mp18 scaffold
strand and 212 staple strands.
Figure 5.2. (a) Gel electrophoresis result of the DNA origami concentrate and the supernatant
after the PEG-induced precipitation and centrifugation with the running time of 20 minutes (left)
and 60 minutes (right). (b) AFM height and phase images of the origami sample after PEG
purification.
Figure 5.3. (a) Representative AFM images of origami deposited on mica after both PEG
purification and MWCO filtration. (b) Cross-section analysis for the pure origami.
Figure 5.4. (a) Gel electrophoresis result of the stained pure origami (left lane), the QR-origami
assembly conjugates (middle lane), and histidine/DNA-functionalized QR (right lane). (b)
Representative AFM height images of the QR-origami assembly. (c) Cross-section analysis of
the mono-functionalized origami from (b, arrowed). (d) Statistical analysis of assembled rods as
a function of angle relative to the long axis of origami, where a high percentage of rod has the
angle smaller than 30°.
Figure 5.5. Simulation result of origami mechanical properties by CanDo software analysis,
which reveals significant bending of (a) the rectangular origami design compared with (b) the
stiff hexagonal lattice structure design.
Figure 5.6. Gel electrophoresis result of DNA origami with different lattice structures and
capture stranded conditions after the PEG purification with a running time of 15 minutes (top)
and 30 minutes (bottom). Lanes from left to right: (1) Single-layered square lattice with no
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capture strands incorporated, (2) hexagonal lattice with no capture strands, (3) hexagonal lattice
with aligned capture strand arrays and (4) square lattice with aligned arrays.
Figure 5.7. Gel electrophoresis result of pure origami with (1) single-layered square lattice, (2)
hexagonal lattice, the QR-origami assembly conjugates with (3) square lattice, (4) hexagonal
lattice, and (5) orange-colored QR after a running time of 15 minutes (top), 30 minutes (middle)
and 45 minutes (bottom).
Figure 6.1. Schematic of the DNA-mediated assembly of ZW/DNA co-functionalized QRs with
DNA origami. In step 1, hydrophobic CdSe/CdS QR(652) and QR(618) are phase transferred to
buffer solutions in the presence of DHLA-ZW ligand. In step 2, the ZW-coated hydrophilic QRs
are functionalized with single stranded DNA (ssDNA) via a protection-deprotection strategy.
The co-functionalized QRs are then incubated with rectangular shape DNA origami of three
different capture strands orientations in step 3.
Figure 6.2. (a) Optical absorption (dotted lines) and emission (solid lines) spectra of QR(618)
(orange) and QR(652) (red). (b) Spectral overlap of QR(618) as energy donor and QR(652) as
energy acceptor. (c) FRET efficiency (E) plot of Förster distance (R0) with different dipole
orientation factors (# $ ).
Figure 6.3. (a) TEM micrographs for (i) CdSe/CdS QR (618) with aspect ratio of 7.8, and (ii)
CdSe/CdS QR(652) with aspect ratio of 6.2. Normalized (b) UV-Vis absorption and (c) PL
emission spectra of the hydrophobic (solid lines), hydrophilic with ZW-coating (dotted lines) and
ZW/DNA co-functionalized (dashed lines) QRs. Inset: Fluorescence images of QR(652) (top)
and QR(618) (bottom) in toluene (upper layer) and the water dispersion after phase transfer. (d)
PL anisotropy spectra showing the non-linear excitation dependent polarized emission of both
kinds of QRs.
Figure 6.4. Gel electrophoresis result of ZW/DNA co-functionalized (1) U-QR(652), (2) TQR(618), the assembly conjugates with [QR]:[origami] ratios of (3) 50:1, (4) 20:1, (5) 5:1 and (6)
stained pure origami after a running time of 20 minutes (top) and 40 minutes (bottom), the
assembly yield improves when less QRs in excess.
Figure 6.5. Gel image of the assembly conjugates with different capture strand orientations and
ZW-QR(618) functionalized with different ssDNA after a running time of 25 minutes (top) and
35 minutes (bottom): (1) – (3) are aligned origami + U/ZW-QR(618), T/ZW-QR(618), and both
kinds of QR(618), respectively, (4) – (6) are stained pure origami with aligned, perpendicular
and parallel orientations, (7) – (9) are parallel origami + U/ZW-QR(618), T/ZW-QR(618), and
both kinds of QR(618).
Figure 6.6. Gel image of (1) stained pure origami, the two-color QR-origami assembly
conjugates with the rods orientations of (2) aligned, (3) perpendicular, (4) parallel and control
groups of (5) ZW/DNA co-functionalized QRs and origami without capture strands, (6) capturestranded origami and QR not functionalized with ssDNA.
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Figure 6.7. Additional gel electrophoresis result after a running time of 20 minutes (top), 30
minutes (middle) and 35 minutes (bottom) for the two-color QR-origami assembly conjugates
with the rods orientations of (1) aligned, (2) perpendicular and (3) parallel, as well as (4) stained
pure origami and (5) the ZW-QRs.
Figure 6.8. (a) Representative AFM images in both height and phase modes of the QR-origami
conjugates (rods orientation: perpendicular) after assembly and then casting on mica. (b)
Zoomed images corresponding to the arrows in the height image of a. (c) Cross-section analysis
for the image inset of dual-functionalized origami.
Figure 6.9. (a) Additional AFM height images of the QR-origami conjugates (rods orientation:
parallel) after assembly and then casting on mica, a high population of clusters are revealed. (b)
Representative zoomed images of pure origami showing certain degrees of deformation and
crossing-linking.
Figure 6.10. Sucrose gradient ultracentrifugation (UC) results for the assembly with three rods
orientations (tube 1: aligned; tube 2: perpendicular; tube 3: parallel), and a control tube
containing only stained origami: fluorescence images of UC tubes after 60 minutes and 90
minutes of centrifugation with corresponding optical intensity graphs after different time
intervals.
Figure 6.11. Fluorescence spectra of the highlighted bands in Figure 7 after 90 minutes of
ultracentrifugation for the assembly with three rods orientations, and deconvolution for QR
peaks. Inset: the ratios between fitted PL peaks with QR(618) as energy donor and QR(652) as
acceptor.
Figure 6.12. Sucrose gradient ultracentrifugation results for the assemblies of two rods
orientations (1 = perpendicular, 2 = parallel), together with a control group containing no-DNAfunctionalized origami and ZW-QRs: (a) Fluorescence images before, after 30 and 60 minutes of
centrifugation. (b) Fluorescence spectra after extraction of the highlighted bands and
deconvolution for QR peaks.
Figure 6.13. Photoluminescence (PL) measurements of the assembly with different rods
orientations: (a) PL spectra at the start and end points of the monitoring time, and deconvolution
results for QR peaks after fitting. (b) With QR(618) as energy donor and QR(652) as acceptor,
the ratios between PL peaks over time show no significant changes between different
orientations, revealing that little QR-to-QR energy transfer happen in current system.
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Chapter 1.
Introduction

1.1 DNA Nanotechnology
In the field of nanotechnology, one important mission is to precisely organize and control
different functional materials in a strategical way. Implementing DNA as a programmable
building block has provided a powerful tool for more complexed nanoscale assemblies.1,2 DNA
nanotechnology involves taking a DNA molecule out of its original biological context as the
genetic information carriers, and exploits its unique self-recognition properties to achieve the
precise construction and well-defined organization of nanomaterials.1–3 DNA origami, in
particular, provides a versatile platform with a high degree of complexity and scalability,
together with mobility and programmability.4–7 Advances in DNA nanotechnology have
drastically improved the ability to control the self-assembly of nanomaterials on the molecular
level and have led to numerous applications from assemblies of plasmonic nanoparticles,8–11
quantum dots12–14 and quantum rods,15 protein molecules for drug delivery16,17 and synthetic
biology purposes,18–21 to biosensing,22–24 bioimaging,25,26 and molecular robotics.27–31

1.1.1 DNA-mediated Self-assembly
Self-assembly is the spontaneous process of arranging nanoparticles or other discrete
molecules into organized patterns or structures.5,32,33 The driving forces for self-assembly can
either be direct inter-molecular interactions like hydrogen bonding and hydrophilic-hydrophobic
interactions, or may arise from the aid of an external field or template.34,35 In most cases, the
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assembly process is guided by both entropic and enthalpic interactions, with the organized
structure achieving the minimization of the overall free energy.32,34,36,37

Figure 1.1. The development of DNA nanostructures. The two different approaches originated
from 1996 of using DNA bonds to construct rigid nanostructures have branched into two major
fields in DNA nanotechnology today.3 Reproduced with permission from Science. Copyright
2015 American Association for the Advancement of Science (AAAS).
Among the vast amount of materials being used to guide self-assembly, DNA is
particularly advantageous owing to unique structural, reversible and programmable properties.
The interactions between the two complementary strands, known as Watson-Crick base pairing
(A-T and C-G),38 strictly governs the hydrogen bond formation between the nucleotide (nt)
bases, and thus the base pair (bp) sequence of the DNA duplex, making the assembly highly
2

programmable and predictable. The molecular structure of the DNA oligonucleotides and duplex
have been well-studied. A typical B-form DNA double helix has a diameter of ~ 2 nm and a
helical turn of ~ 3.4 nm (10.5bp), making the twist angle per base pair ~ 34.6°. The knowledge of
these parameters can facilitate the design and control over the DNA nanostructures in a more
precise way.6,7

In the 1980s, Seeman first proposed the idea of harnessing the nature of nucleic acids to
construct objects and crystals.39 In 1996, two seminar papers by Mirkin8 and Alivisatos,12
reported the first use of DNA to organize and assemble nanoparticles.40 The same year, Seeman
reported a discovery of double-crossover molecules,41 which can work as a rigid and stable motif
for nanostructure constructions. Since then, the field of DNA nanotechnology has branched into
two major categories as illustrated in figure 1.1.3 One is called “Hybridization-based DNA
bonds”, which focuses on using DNA itself to build robust architectures like scaffolds and tiles
to support the next-step assembly of functional nanomaterials. Development in this area
nowadays relies heavily on the state-of-art work with DNA origami, which will be introduced in
detail in Section 1.1.2.
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Figure 1.2. Representative strategy for DNA conjugation and assembly of nanoparticles with
different functionality, including plasmonic (gold), magnetic (iron oxide), catalytic (palladium)
and luminescent (quantum dots). (a) Stepwise DNA functionalization strategy of hydrophilic and
hydrophobic nanoparticles. STV, streptavidin; EDC, 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide; NHSS, N-hydroxysulfosuccinimide. (b) Two kinds of assembly strategy, direct
hybrid and linker hybrid.42 Reproduced with permission from Nature Nanotechnology. Copyright
2013 Macmillan Publishers Limited.
The other category “Nanoparticle-templated DNA bonds” focuses on the DNA-mediated
self-assembly of nanoparticles. As illustrated in figure 1.2, in a typical system, the functional
nanomaterials are modified with a single-stranded DNA (ssDNA) capping layer, readily to
hybridize with other nanomaterials through the ensemble interactions of each individual DNA
strand.42,43 Many approaches have been developed to achieve the DNA functionalization of
nanocrystals, such as the most feasible direct ligand exchange with thiol-capped ssDNA,44–47 the
conjugation of a biotin-capped ssDNA on top of streptavidin,48,49 and amino-modified ssDNA on
polymer-coated NC.14,50 In a typical DNA-functionalized gold nanoparticle (AuNP) system, the
ends of the DNA strands (either 3’ or 5’) were terminated with alkyl-thiol moieties that can
anchor onto the AuNP surface based on the strong affinity between the Au atom on surface and
the thiolated ligand.51 Therefore, the ssDNA was oriented into a surface-normal direction with
reduced non-specific interaction and surface wrapping, ready to hybridize with the
complementary strand.8,12,40 The spatial control from DNA hybridization has provided high level
of precision and efficiency to the resulted complexed nanostructures. Figure 1.2 (b) gives an
example of the implementation of DNA linker,9–11 which utilizes oligonucleotides that have
regions complementary to the strands anchored to the NP, brings the control over NP assembly
distance and geometry to a next level, enabling the construction of two- and three-dimensional
arrays, macroscopic networks, and even nanoparticle superlattices with varied crystal structure
and symmetry.52–54 Besides the plasmonic materials like gold and silver nanoparticles,55 ssDNA
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can also be used to modified the surface of a wide range of nanomaterials, including
semiconductor nanocrystals (NC),15,46 fluorescent dyes,56,57 and proteins21,58,59 by altering the
anchor group of the DNA strands. The interactions between DNA strands can guide the
geometric arrangement of these nanomaterials into certain patterns for unique collective
electronic and optical properties.60–62

1.1.2 DNA Origami
DNA origami is a technique first demonstrated by Rothemund in 2006,4 and has
transformed the field of structural DNA nanotechnology since then. This technique is based on
the usage of a long single-stranded circular DNA, called “scaffold strand”, to fold into predesignated patterns that are encoded in the sequences of hundreds of short DNA
oligonucleotides, called “staple strands”.5,6,63 The mostly used scaffold strand is the genome of
M13mp18 virus, which contains 7249 bases.64
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Figure 1.3. Representative strategy for a star-shaped DNA origami design and assembly. (a) A
target geometric model is approximated with rows. (b) Folding path of the origami, each row
represents a DNA helix. (c) Details of the DNA origami with routing of the scaffold strand (dark
grey) and staple strands (colored). (d) Different strands are mixed in a salted buffer solution with
selected thermal ramping (e) AFM images of the assembled structure. Scale bar: 100 nm.4
Images reproduced with permission from Nature. Copyright 2006 Nature Publishing Group.
Figure 1.3 shows a representative strategy for the pattern design and self-assembly
process, which can be summarized into several procedures. First, the design of the arbitrary
patterns is achieved on caDNAno software,65 where the target geometric model is approximated
with the shape broken up into rows representing the DNA helices. Of the DNA duplex structure,
one represents the long scaffold strand, and the other represents the ensemble of the staple
strands. In this step, a number of crossovers are introduced to the structure to hold the pattern
altogether. Next is the selection for the cutting position of short staple strands. There are a series
of rules to follow, so that each oligo is long enough to travel between the neighboring helices
through the crossovers with decent number of bases on both sides to ensure the stability, but not
too long for undesired hybridization to happen. The length of 15-60 nucleotides will work.66
Lastly, the staple strands are mixed with scaffold strands into a salted buffer solution and slowly
annealed over hours in ramping temperatures.

According to the original Rothemund protocol,4 the mixture is heated to 90°C and then
slowly cooled down to room temperature in about 22 hours. The reaction yield highly depends
on the complexity of the structure and the experimental conditions.67 When using this method for
three-dimensional (3D) constructions, the products often contains some aggregates, unfolded, or
partially folded objects due to kinetic or topological traps of some staple strands.64 A later
method reported by Dietz68,69 uses an isothermal approach to obtain nearly uniform origami
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products with different numbers of helix bundles. The starting temperature is lower at 60°C and
the ramping times are long as a few days. To overcome the issue with long reaction time, a
follow-up study by Dietz70 found that, by carefully tailoring the staple strand sequences, lengths
and topology of the chain, as well as investigating the folding-unfolding equilibrium, high yield
of origami assembly can happen at optimized constant temperatures.

So far, a great number of intricated two-dimensional (2D) planar patterns have been
created with DNA origami,4,71 but this single-layered origami design has a high level of
conformational flexibility as revealed by molecular dynamics simulations and experimental
results.15,72,73 This drawback on rigidity can greatly decrease the control over the assembly and
limit applicational usages. Therefore, multi-layered design where DNA helices are packed in
hexagonal, triangular or square lattices have been developed and overcome the problem with
flexibility.64,74,75 Moreover, to expand the usage of DNA origami as platform for more
sophisticated chemical or biological tasks in larger scales, individual origami molecule have
been used as tile units to form well-ordered structures.76–79

Atomic force microscopy (AFM) is the pivotal for the analysis of DNA nanostructures.
AFM data is collected by observing the physical conformation of particles in the selected areas
under the microscope.62 AFM results provide morphology and dimensional information of the
assemblies, can visualize and monitor the assembly progress,80 and can assist quantification of
the assembly when applied to single-molecule studies.81 But AFM has limitations when imaging
three-dimensional structures with features on the sides, assemblies with internal features, or
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nanoparticles with small dimensions (<5nm). In these cases, supplementary information provided
by transmission electron microscopy (TEM) and cryo-electron microscopy is necessary.82,83

1.1.3 Applications of DNA Nanotechnology
DNA nanotechnology has provided some powerful tools to control the self-assembly of
functional nanomaterials on the molecular level with unprecedented resolution and complexity.
Advances in this field has led to numerous applications from fundamental studies in bio-systems
to robotic devices in engineering, including nanoparticle and protein assembly,8–15,21 drug
delivery and synthetic biology,18–20 biosensing,22–24 bioimaging25,26 and molecular robotics,27–31
just to name a few.

DNA origami-guided self-assembly provides an additional method to organize
nanoparticles with nanoscale precision and tunability. As introduced in Section 1.1.1, the
nanoparticles are first modified with ssDNA, and then to hybridize with the complementary
capture strands that extending from the origami architecture, therefore being placed on the
designated positions on the origami platform.84,85 For example, as the example shown in figure
1.4 (a), by placing attachment sites on the vertices of polyhedral frames made by DNA origami,
gold nanoparticles can be arranged into high-ordered lattice structures using the nanoparticles as
the connector of each origami-nanoparticle unit, such as hexagonal unit cell built from prism
framework, and face-centered cubic unit cell built from octahedron framework.86–88 By adjusting
the distance between a fluorophore and a AuNP on origami, the system can be used to study the
distance dependency of single-fluorophore quenching by AuNP.89 Besides the plasmonic
materials, semiconductor nanocrystals can also be organized on DNA origami platform, where
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resonance energy transfer between the nanocrystals can be precisely tuned based on inter-particle
distance and dipole orientations.15,90–92

Figure 1.4. Examples of applications utilizing DNA nanotechnology. (a) Different 3D gold
nanoparticle superlattices that are assembled from frames made with DNA origami.88 Images
reproduced with permission from Nature Materials. Copyright 2016 Macmillan Publishers
Limited. (b) Design and TEM analysis of an aptamer-gated nanorobot, where a DNA origami
barrel structure encapsulates antibodies and opens upon binding with the protein target. Scale
bar: 20 nm.19 Images reproduced with permission from Science. Copyright 2012 AAAS.
9

Another promising application based on structural DNA nanotechnology is drug delivery,
where various structures and strategies are available to load, deliver, and release drugs.1,6,7 For
instance, figure 1.4 (b) shows a barrel19 design that is based on DNA origami and can open or
close in response to specific external cues. These dynamic structures can control the availability
of the drug molecules inside, therefore holds great advantage over the other static,
unprogrammable structures and provides routes for design of molecular robotic structures.

1.2 Quantum Rods (QR)
Semiconductor nanocrystals, such as quantum dots (QD) and rods (QR), have a unique
place in nanoscience and nanotechnology as their optoelectronic properties are dictated by the
size, shape, composition and microstructure.93–97 Quantum rods, in particular, have highly
polarized absorption and emission characteristics derived from their elongated morphology.98–100
These properties ensure the great potential of QR in the fields of lasing,101–103 sensing,104,105
display,106–108 Förster Resonance Energy Transfer (FRET)15,109,110 and Bioluminescence
Resonance Energy Transfer (BRET) applications.104,111,112

1.2.1 Optoelectronic Properties of QRs
For semiconductor materials, the band gap energy (Eg) is defined as the minimum energy
required to excite an electron (e-) from the valence band to the conduction band. This excited
electron, together with the positive hole (h+) left behind in the valence band form an
electrostatically bound e-- h+ pair called the exciton. As illustrated in figure 1.5, when the excited
e- relaxes back to the valence band and recombines with the h+, the exciton is annihilated, and
the energy is released in the form of the emission of a photon. This process is called radiative
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decay. If the energy is lost in the form of heat, which generates a phonon instead of a photon, the
process is called non-radiative decay. The spatial separation between the e- and h+ within the
exciton is governed by the material and is known as the Bohr exciton radius (a0). For CdSe, this
value is about 5.6nm.113 As the nanocrystal size approaches the Bohr radius, the exciton wave
function will be affected by quantum confinement, which induces energy level separation and
increases the Eg. As the nanocrystal size further decreases below the Bohr radius, the energy
levels will become quantized. Quantum dot are classified as having diameters in the range of 110 nm. This particle size can be considered as an intermediate between the discrete highest
occupied and lowest unoccupied molecular orbitals (HOMO-LUMO) in a single molecule, and
the continuous valence/conduction band in the bulk semiconductor materials. Therefore, the
optical and electronic properties of QD are highly dependent on the dimension.94,114–116

Figure 1.5. Representative Jablonski Diagram illustrating the exciton states of nanocrystals in
the absorption and emission processes.
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Furthermore, the degree of quantum confinement depends on the shape of the
nanocrystals. In the case of QD, all dimensions are equal to or smaller than a0, and thus excitons
are confined in all directions (known as a zero-dimensional (0-D) object). For quantum wires, the
exciton is only confined in the diameter direction as a one-dimensional (1-D) object, while for
quantum well, the exciton is confined in the thickness direction as a two-dimensional (2-D)
object. Therefore, quantum rods are considered an intermediate between 0-D and 1-D, as the
exciton is strongly confined along the width of the nanocrystal, but weakly confined along the
length, which typically largely exceeds the Bohr radius.93,117,118 As a result, QR exhibits bandgap
energy and emission wavelengths that are strongly dependent on the width and weakly on the
length.119

1.2.2 Crystal Structure of QRs
The formation of high aspect ratio (l/w) quantum rods is due to the anisotropic nature of
the wurtzite crystal structure. Figure 1.6 (a) shows the wurtzite crystal structure of cadmium
selenide (CdSe), which is composed of a hexagonal close packing arrangement of anions with
alternate tetrahedral holes occupied by cations.120 Growth of the CdSe QR core takes place along
the unique c-axis of the wurtzite structure.96,121–123 The ends of the CdSe QR are either
terminated by Se atoms with one dangling bond or Cd atoms with three dangling bonds on the
(0001) facet, or Cd atoms with one dangling bond or Se atoms with three dangling bonds on the
(0001") facet. Studies have shown that, the preferential facets for phosphonic acid ligands binding
are the (112"0) and (101"0) nonpolar facets, which are the sides of rods, both terminated with Cd
and Se atoms of one dangling bond each.122,124 Therefore, due to the different ligand binding
energy on different facets, the growth rates are different based on facets, as well as the resulting

12

geometry. The growth of CdSe QR is three times faster along the c-axis, and this elongation is
" ) end. This anisotropic
faster on the Cd-covered (0001) end than the Se-covered (000 1
morphology causes the optical properties to be linearly polarized along the c-axis.98–100,125

Figure 1.6. (a) Representation of CdSe with wurtzite crystal structure126 and anisotropic growth
along the c-axis. (b) Illustration showing the binding of methylphosphonic acid (MPA) molecule
to the (101"0) nonpolar facet and the Cd-covered (0001) polar facet.124 Color code for different
atoms: Cd: black; Se: yellow; O: red, P: orange, C: gray; H: white. Images reproduced with
permission from The Journal of Physical Chemistry B. Copyright 2005 American Chemical
Society.
1.2.3 Core/shell QRs
Compared to spherical quantum dots, a main challenge specifically for quantum rods is
their relatively low quantum efficiency. It is thought that this is due to the elongation along the
length, where the increased delocalization of the charge carriers reduces the spatial overlap
between excitons and decreases the rate of radiative decay. One other source is the largely
increased surface area of long rods that increases the chance of surface trap formation, and leads
to higher rate of non-radiative decay.96,99 One way to overcome this challenge while still
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preserving the anisotropic properties is the addition of a rod-shaped shell with a material of
higher band gap using the seeded growth approach.127,128 However, when picking the shell
materials, some other critical factors to consider are the crystal structure and lattice constant
differences between the core and shell materials. The smaller the difference, the better surface
passivation result will be because of the reduced lattice strain. Ideally, after the shell growth,
most of the surface traps on the rod core will be passivated, and the quantum yield and colloidal
stability will be improved.127–132

Figure 1.7. Scheme illustrating the exciton confinement conditions for two types of core/shell
systems with the seeded nanorod structure.
Depending on the band gap alignment between the core and shell materials, there are
three types of core/shell nanocrystals where the charge carrier localization regimes are limited:
type-I, type-I1/2 and type-II.93 In type-I NCs, the Eg of the shell material is higher than the core,
confining the excitons in the core. The most commonly example of type-I NC is CdSe/ZnS.
Figure 1.7 shows the bandgap and exciton confinement conditions of the type-I1/2 and type-II
systems with seeded nanorod as the NC structure. In type-II NCs, the energy levels are staggered.
The valence band and conduction band are both either lower or higher than those of the core,
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therefore, the e- and h+ are separated between the core and shell materials. Two corresponding
examples with these types of band gap alignments are ZnSe/CdS133 and CdSe/ZnTe.134 The third
type is type-I1/2, or quasi-type II. In this case, the h+ is confined in the core material, but since the
energy offset between the conduction bands is too small to confine the e- in either of the
materials, the e- is delocalized over the entire structure.132,133 CdSe/CdS is the most common
type-I1/2 NC. When both the core and shell materials have the wurtzite crystal structure, the
difference between the lattice constant is small as in the ideal case. Therefore, it is the majorly
studied core/shell QR composition in this dissertation.

1.2.4 Photoluminescence (PL) Anisotropy of Core/shell QRs
For materials that possess anisotropic optical properties, upon excitation with polarized
light, the emission is also polarized. To describe this relationship between the excitation and
emission, there are two metrics to evaluate the polarization of a material, one is the anisotropy, r,
according to the equation
( *(
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+

(Equation 1.1)

where -∥ is the fluorescence intensities that is parallel to the excitation polarization, it can also be
denoted as IH. -. is the perpendicular component and can be denoted as IV. The other value
representing the degree of polarization is p, calculated by
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(Equation 1.2)

If a nanocrystal does not have a defined excitation or emission dipole moments, the r value is
zero. But for those that do, the measured anisotropy of an isotropic, fluorescent solution can
range from -0.2 to 0.4, from nanocrystals whose excitation dipole moment is perpendicular to
their emission dipole moment, to those that have parallel dipole moments.135,136 For example, the
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completely spherical QD have both p and r values of zero, but an ideally polarized single particle
or an ensemble with coaligned dipoles will have p = 1 for both absorption and emission, and an r
value of 4.137 In general, the use of the anisotropy metric is more preferable than polarization,
since the measured anisotropy of a mixture is normalized based on the total intensity -0 = -∥ +
-. from its constituents.135

Figure 1.8. (a) Fluorescence images of a single CdSe/CdS QR taken at different angles in two
orthogonal polarization directions (H and V). (b) The degree of polarization, p, was calculated
based on equation 1.2 and fitted into sinusoidal functions for different samples. (c-e) AFM phase
images of the QR samples. The measured orientation angles correlate well with the PL
polarization angles labeled in (b). (f) Photoselection photoluminescence excitation (PS-PLE)
measurements on both rod-in-rod and dot-in-rod systems show that, extrema in the anisotropy
spectra correlate with excited state absorption transitions in the PLE spectra.100 Images
reproduced with permission from The Journal of Physical Chemistry Letters. Copyright 2013
American Chemical Society.
Studies in figure 1.8 (a-e) shows that, for QR with core/shell microstructures, the
polarized emission was found to be along the long axis of the rod for both the dot-in-rod (d/r)
and rod-in-rod (r/r) structures, which is the c-axis of the hexagonal wurtzite structure as
discussed previously.98,125 Since the emission originates primarily from the core, the degree of
polarization is controlled by the dimensions of the core. Figure 1.8 (f) reveals that, for both the
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single-particle and the ensemble anisotropy measurements, the p value of d/r QR is much lower
than the r/r QR.99,100,132,138 Therefore, as the growth of a rod-shaped shell has enhanced both the
polarization and the quantum yield of the rod core, rod-in-rod QR has wavelength-dependent and
tunable linearly polarized absorption and emission, good surface passivation, and high quantum
efficiency, making them promising for a variety of optoelectronic applications.

1.2.5 Surface Ligand Chemistry
Aside from the composition, size and symmetry of the quantum rods, another factor that
can greatly affect their physical and chemical properties is the surface ligand chemistry. During
the organometallic synthesis, each inorganic nanoparticle is coated with an organic capping layer
constituting of molecules with an anchoring headgroup coordinated onto the NC surface and an
alkyl chain extending into the solvent environment. These ligand molecules play a critical role in
the formation and stabilization of the nanocrystals. In addition to saturating the dangling bonds
on the NC surface, they also control the nucleation and growth rate during the synthesis, and
provide steric and electrostatic shielding for the colloidal state, thus tuning the NC morphology
and optoelectronic properties.93,139–142 As discussed previously, the relatively large surface area
of QR leaves a decent amount of surface atoms uncoordinated with dangling bonds that can form
electronic states with energies in between the HOMO-LUMO levels (red lines in figure 1.9).
These localized states can behave as trap sites for excitons and lead to non-radiative
recombination. Figure 1.9 shows that, upon the binding of the ligands, a new set of molecular
orbitals is generated between surface atom and ligand. The newly formed bonding (s) and
antibonding (s*) orbitals can shift the energies outside of the bandgap and eliminate the trap
sites to preserve quantum efficiency.142–144
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Figure 1.9. Molecular orbital diagram illustrating the effect of ligand binding on the electronic
states of surface Cd and Se atoms. The red levels represent the mid-gap electronic states of some
surface atoms. As the result of the ligand binding, new sets of molecular orbitals are formed and
reduce the possibility of non-radiative decay.
Among the common organic ligands being used for QD and QR syntheses, such as amine,
carboxylic acid, phosphonic acid, phosphine oxide and thiol,145 phosphonic acid has been proved
to be the one with the strongest binding experimentally146,147 and theoretically.122 Specifically,
phosphonic acids bind to the CdSe surface via the coordination of oxygen to the accessible
cations at the interface.122,124 The bonding energies and steric hindrance introduced by the
ligands can profoundly affect both the growth kinetics and the resulting morphologies.148 It has
been found that varying the ratio of alkyl chain lengths of the phosphonic acid ligands can affect
the degree of elongation and branching of the QR: the higher molar fraction of the shorter ligand,
the more elongated and branched are the rods.149 Therefore, in a typical synthesis of quantum
rods, the molar ratio between short and long chain phosphonic acids is systematically tailored
together with the precursor concentration, reaction temperature and annealing time.111,141,150

18

1.2.6 Surface Functionalization
Since nanocrystals are coated with hydrophobic organic ligands during the synthesis, it’s
crucial to functionalize the NC surface to be hydrophilic and usable in aqueous environment for
biological implementations.142,151–153 As shown in figure 1.10, ideally, a surface ligand for
biocompatible nanomaterials need to have at least two components. The first component is an
anchor group that can coordinate directly to the nanocrystal surface or can connect the capping
molecule to the native hydrophobic ligand. The other component is a stabilizer segment like
polyethylene glycol (PEG) or zwitterionic (ZW) groups such as sulfo-betaines154–156 or carboxybetaines that can bind strongly to water molecules to ensure hydrophilicity and resist nonspecific
interactions.142,157 Two major approaches to achieve the phase transfer of NCs are (1) direct
hydrophobic-to-hydrophilic ligand monolayer exchange at the interface as illustrated in figure
1.10,46,158 and (2) polymer wrapping of the hydrophobic NCs to form a micelle.159,160 Metrics
with which to evaluate the phase transfer performance include: the ability to retain optical
properties and colloidal stability over time, pH range and salt concentration.142,153,157

Figure 1.10. Schematic illustration of the monolayer exchange process for CdSe QR.
Hydrophilic ligands with at least an anchor group and a stabilizer component can directly replace
the native hydrophobic ones from the as-synthesized QR.
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The polymer wrapping method can better preserve the post-synthetic hydrophobic NC,
therefore can help to avoid introducing more trap sites on the surface and retain the optical
properties. However, the resulting hydrodynamic diameter will be largely increased, limiting the
usage in resonance energy transfer applications, where distance is a crucial factor.135 The
monolayer exchange approach, on the other hand, uses smaller amine, carboxylate, phosphine
and thiol molecules to displace the organic encapsulation containing long alkyl chains and
coordinate directly to the exposed surface cations, yielding compact hydrophilic nanoparticles.
The driving force for the direct ligand exchange is related to the relative binding strength
between the metal and the ligand headgroups.51 Therefore, in the case of exchanging the native
ligand with a weaker-binding one, increasing the ratio of the incoming ligands, or applying
multiple rounds of purification may be necessary. However, due to the exposure of the NC
surface to different solvent environments during the process, more trap sites may get reintroduced to the system, and a decrease in quantum yield is a major concern with this method.

1.2.7 Current Challenges and Hypotheses
As describe above, QR often has a relatively poor photo and colloidal stability in
comparison to their QD counterparts due to the nature of their morphology and crystal structure.
This creates challenges in designing new nanostructures and harnessing the full potential of their
properties.142 Research has shown that surface ligand coverage also plays a critical role in
stability, and many surface chemistries have been used towards understanding and optimizing
this.145,150,161 In general, there are several research objectives about the surface ligand chemistry
of QR.161 First is the identification of the ligands that coordinate on the nanocrystal surface,
especially when multiple ligands are present during the reaction, which one is the most
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competitive after the post-synthetic purifications. Second is the quantification of the surface
ligands, such as extracting ligand density and footprint area. Third is the identification of the
capping layer structure, including the geometry and the intermolecular interactions of the ligand
molecules. Last is the investigation on the relationship between the surface chemistry and the
optoelectronic and colloidal behaviors of the nanocrystals.

Over the past few years, several studies161–163 have focused on identifying and
quantifying the monolayer capping shell on nanoparticle surfaces, along with improving
synthesis protocols to obtain higher PL efficiency and colloidal stability.131,164–167 These studies
have identified that the nature of the capping ligand shell, and that its distribution on the surface
can profoundly affect the structural and optoelectronic properties of nanocrystals.96,149,168–171
However, most of the studies have focused on spherical QDs or perovskite nanocubes,147,172–175
leaving many open questions on the more complicated asymmetric systems like quantum rods or
nanoplatelets,166,176,177 where ligands can interact with various facets and edge sites based on the
surface atom position. To study such systems experimentally or computationally, one must
consider the binding of a certain ligand to the same atom in different environments, which may
include the differences in coordination condition, steric accessibility and specific hard/soft
character.142

1.2.8 Characterization Methods
To analyze the optical and structural properties of the QR, as well as the surface ligands,
there are many characterization methods, including both spectroscopic and microscopic
techniques as shown in figure 1.11.
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Figure 1.11. Analytical techniques that used to characterize different properties of QR.
Ultraviolet-visible (UV-Vis) absorption and photoluminescence emission are used to
study the electronic and optical properties of QR. Absorption spectra reveal the energy levels and
the bandgap energy of nanocrystals. PL emission spectra can yield information on the emission
energy and size distribution quality of the sample. When coupled with polarizers, PL anisotropy
can characterize the QR’s anisotropic optical properties as introduced in Section 1.2.4. To study
the structural properties of different nanocrystals, powder X-ray diffraction (XRD) is used to
study the crystal structure.93,96 While transmission electron microscopy (TEM) can obtain
information on morphology and size of the particles, individual lattice structure and even atoms
can be observed using high resolution transmission electron microscopy (HRTEM). When
investigating the NC-ligand interface, nuclear magnetic resonance (NMR) techniques and its data
analysis has emerged as a powerful tool162,163,168 with chemical shift and broadening of the
spectra being directly correlated to binding type.174,178–180 Moreover, advanced 2D diffusion
ordered spectroscopy (DOSY),175 relaxation ordered spectroscopy (ROSY)162,168,181 and nuclear
overhauser effect spectroscopy (NOESY)146 can be further used to differentiate the binding type
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in increasingly more precise and quantitative ways.161 Vibrational spectroscopy like Fourier
transform infrared (FTIR) can also be used to provide information on the structure of the capping
ligand molecules. To measure the hydrodynamic diameter of QD, dynamic light scattering (DLS)
can be used, but not so accurate for QR due to the tumbling effect of the anisotropic shape.142

1.3 Research Overview
This dissertation focuses on the development, characterization, surface modification of
semiconductor nanocrystals, particularly quantum rods, and the incorporation with DNAmediated self-assembly on DNA origami. In Chapter 2, I will describe the synthesis and
characterization of quantum rods with systematically tuned aspect ratios and emission colors,
where a broad library of CdSe QR with wurtzite crystal structure and various degree of
anisotropic properties, as well as CdSe/CdS core/shell QR with different microstructures were
obtained. In Chapter 3, I will describe our work on investigating the binding of phosphonic acids
(PA) as a function of aspect ratio of CdSe and CdSe/CdS nanocrystals. By combining 1H NMR
with 2D DOSY we distinguish the different PA binding strengths and quantify the surface ligand
density (LD) at each nanocrystal, which was found to be highly dependent on aspect ratio.
Additional 2D ROSY studies performed concurrently to DOSY relate observed relaxation times
to binding type and monolayer structure, allowing for further insights into aspect ratio interfacial
interactions and binding mechanisms. Then in Chapter 4, I will describe my work on
functionalizing the QR surface with different phase transfer ligands, histidine and lipoic acidzwitterion ligand, as well as single-stranded DNA. The reaction conditions were tailored to
obtain hydrophilic QR with good preservation of optical properties, colloidal stability and
surface functionality. Next in Chapter 5, I will describe my work on the design and assembly of
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DNA origami with the capture strand arrays for orienting multiple QRs in different patterns. The
rationales for the design of the capture strand arrays, as well as exploration on using different
purification approaches will be discussed. Based on the experimental results and mechanical
simulations, updated design with higher rigidity and improved recognition between the loading
components will also be evaluated. Lastly in Chapter 6, I will describe our work on a DNAmediated approach to assemble QRs on the rectangular DNA origami in different orientations.
The assembly was investigated via gel electrophoresis, the morphology of the rods alignment on
origami was characterized using AFM. The QR-origami conjugates were further purified by
gradient ultracentrifugation, their optical characteristics were studied using PL spectroscopy. The
results indicated that with the co-functionalization of ZW-ligand and ssDNA on QR surface, the
DNA-mediated QR-origami self-assembly was achieved with a significant amount of origami
functionalized with rods in designated orientations.
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Chapter 2
Synthesis and Characterization of Quantum Rods

In this chapter, I describe my work on preparing and characterizing quantum rods (QR)
of different compositions and morphologies. CdSe with wurtzite crystal structure of varying
aspect ratios was synthesized via hot injection approach with fine-tuned ligand compositions.
CdSe/CdS QRs of dot-in-rod and rod-in-rod microstructures were prepared using seeded growth
method. The synthesized and purified QRs were characterized with transmission electron
microscopy (TEM), powder X-ray diffraction (XRD), UV-Visible and photoluminescence (PL)
spectroscopy. To improve the optoelectronic performances of the nanocrystals post-synthetically,
ion-ligand pairs like sulfur-trioctylphosphine solution were added to the CdSe QR solution to
passivate the surface and increase the quantum yield. Part of this work is reproduced with
permission from J. Phys. Chem. C., 2019, 123 (38), 23682-23690. Copyright 2019 American
Chemical Society.

2.1 Introduction
Semiconductor nanocrystals have composition- and size-dependent optoelectronic
properties,1,2 a small change in the particle size can lead to drastic changes in their optical and
electrical properties.3 Different from spherical quantum dots (QD), quantum rods (QR) exhibit
high anisotropic behaviors derived from their elongated morphology and microstructure.4–6
Core/shell quantum rods, especially the one of rod-in-rod microstructure, have linearly polarized
emission that can be crucial for non-radiative energy transfer processes.7,8 Cooperating their
properties into certain patterns may lead to advances in optical modulators,9 nanoscale lasers10,11
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and energy transfer applications.7,8,12–15 Therefore, it’s crucial for us to obtain QRs with
exceptional optical properties and that those properties can be well-preserved over the surface
functionalization process, which means decent ligand coverage to be stable in both hydrophobic
and hydrophilic environments,16 since the surface ligands can help to stabilize the colloidal
nanoparticles by passivating the trapping state on the large surface area of QRs after synthesis
and determining the PL quantum yield (QY) of the rods.17–19

Among all the metal chalcogenide combinations, CdSe is particularly interesting for us
since the photoluminescence emission of this composition can be tuned to cover the entire visible
spectrum. Studies have shown that, by adjusting the synthetic conditions, CdSe NC with
different morphologies such as spherical dots,2,20 elongated rods and wires,4,21–23 tetrapods24 and
platelets25,26 can be obtained. One major route to synthesize quantum dot or rod is the “hot
injection” method, where organometallic reaction happens in non-polar solvents at high
temperatures in an inert atmosphere. For the synthesis of CdSe, cadmium precursors are usually
prepared by dissolving CdO in a tightly sealed four-neck flask with a mixture of capping ligands
like alkylphosphonic acids (PA) and coordinating solvents like trioctylphosphine oxide (TOPO).
Non-coordinating solvents with boiling point higher than 300 °C like octadecene (ODE) and
diphenyl ether are also present in some cases. The selenium precursors are prepared by
dissolving Se in trioctylphosphine (TOP) or tributylphosphine (TBP) in an inert environment.
After both the Cd and Se precursors are readily prepared and the mixture in flask reaches the
desired reaction temperature, which is normally in the range of 300-380 °C, the Se precursor
solution is swiftly injected into the flask. 0 to 10 minutes is granted allowing the nanocrystal to
nucleate and grow, then the reaction is quenched by cooling the hot solution mixture to room
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temperature.1,4,20,27 The reason of using high reaction temperature is that, the nucleation and
growth stages can happen in a rapid fashion and thus produces highly crystalline and monodispersed nanocrystals.28,29 CdSe nanocrystals synthesized from this route have Wurtzite crystal
structure since at high temperatures, the Wurtzite structure is more stable than the zinc blend
counterparts.30,31

As introduced in Section 1.2.3, using the seeded growth approach to deposit a shell of
higher band gap material on the CdSe core can help to passivate the surface trap site and improve
optical properties,30,32,33 and CdSe/CdS is the most commonly-studied type-I1/2 NC.1 The
synthetic conditions of the shell deposition are quite similar to the core growth. Cadmium
precursors are still prepared by dissolving CdO in the flask in the presence of TOPO, ODE and
PAs of varied alkyl chain lengths. But when preparing the sulfur precursors, CdSe cores of the
needed amount are mixed together with sulfur in TOP. This mixture is swiftly injected into the
flask containing Cd precursors at high temperatures and annealed. Since the Wurtzite crystal
structure of the CdSe core is highly anisotropic, it is ideal for the formation of rod-shaped shell
along the c-axis, where the polarized behaviors of the core can be further reinforced by the
addition of the CdS shell that also has the Wurtzite crystal structure.5

Therefore, here in this study, we investigate the optical and colloidal properties of CdSe
and CdSe/CdS core/shell QRs. The CdSe rod cores with varied aspect ratios (l/w) are prepared
via hot injection approach in different ligand compositions.21 The CdSe/CdS QRs of dot-in-rod
and rod-in-rod microstructures are synthesized with seeded growth method.7,12,32 The assynthesized QRs are characterized with TEM, XRD and a series of PL spectroscopy techniques.
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To improve the quantum efficiency of the synthesized quantum rods, approaches including postsynthetic addition of ion-ligand pairs are also explored.

2.2 Experimental
2.2.1 Chemicals and Materials
Cadmium oxide (CdO, ≥ 99.9%), sulfur (S, reagent grade, 100 mesh), 1-octadecene
(ODE, 90%), trioctylphosphine oxide (TOPO, 90%), trioctylphosphine (TOP, 97%), diphenyl
ether (DPE, ≥ 99%), toluene ( ≥ 99.5%), methanol ( ≥ 99.8%) and acetone ( ≥ 99.5%) were
purchased from Sigma Aldrich. Selenium (Se, 99.99%, 200 mesh) was purchased from Alfa
Aesar. N-octadecylphosphonic acid (ODPA, 98%), n-tetradecylphosphnic acid (TDPA, 97%), ndecylphosphonic acid (DPA, 97%), n-hexylphosphonic acid (HPA, 98%) and methylphosphonic
acid (MPA, 98%) were purchased from Strem Chemicals. Hexane (≥98.5%) was purchased from
VWR.

2.2.2 Synthesis
2.2.2.1 CdSe Cores of Varied Aspect Ratios
In a typical synthesis of CdSe QR seeds, 0.5 mmol CdO was dissolved in a mixture of 0.9
mmol phosphonic acid 8,12 (0.9 mmol DPA alone, or 0.1 mmol MPA and 0.8 mmol ODPA), 7.7
mmol purified TOPO and 1 mL additional solvent (ODE or DPE, if necessary) at 330 °C under
argon. The temperature was then raised 10-30 °C higher, followed by the injection of 0.7 mmol
pre-prepared Se-TOP solution. The reaction was annealed for 2-10 minutes before quenching to
room temperature. For the synthesis of spherical dots, 0.9 mmol ODPA was used as the
surfactant, while the injection temperature of Se precursor was raised to 380 °C with no anneal
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time.7 All the CdSe NCs synthesized were purified via precipitation in a mixture of solvent
(hexane or toluene) and anti-solvent (methanol and acetone), the final pellet after several rounds
of centrifugation was stored as toluene or hexane dispersion.

2.2.2.2 CdSe/CdS Core/Shell QRs of Different Microstructures
The CdSe/CdS core/shell QRs of different microstructures were synthesized using a
seeded growth method.30,32 In a typical synthesis, 0.25 mmol CdO was dissolved in a mixture of
0.2 mmol HPA, 0.4 mmol ODPA or TDPA, and 7.7 mmol purified TOPO at 330 °C under argon.
The temperature was then raised to 365 °C, a pre-prepared CdSe-TOP seed solution containing
2.0 mmol sulfur and dried CdSe NCs was injected and annealed for 5-10 minutes before
quenched to room temperature. The CdSe/CdS QR was purified via precipitation as described for
CdSe and stored in toluene. Growth of CdS shells of different lengths was achieved by adjusting
the moles of CdSe cores added.

2.2.3 Instrumentation
Ultraviolet-Visible (UV-Vis) spectrophotometry. The UV-Vis measurements were collected
on a Varian Cary 50 Bio UV-visible spectrophotometer or a Varian Cary Bio 100 UV-visible
spectrophotometer between 300 and 800 nm.

Photoluminescence (PL) Emission Spectroscopy. The PL emission and anisotropy
measurements were conducted on a Fluoromax 4 spectro-fluorometer (Horiba Jobin Yvon)
equipped with excitation and emission polarizers. PL quantum yield of the nanocrystals was
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measured with excitation at 400 nm and calculated versus rhodamine 6G in ethanol (QY = 0.95)
as the reference, see Section 2.2.4 for details.

Transmission Electron Microscopy (TEM). The TEM and high-resolution TEM (HRTEM)
micrographs were collected on a JEOL JEM-2100 instrument operated at 200kV with a LaB6
electron source and CCD detector or a JEOL JEM-2100F field emission HRTEM. Statistical
analysis of particle size and aspect ratio was performed manually using ImageJ and CorelDraw
software on populations of at least 100 counts.

Powder X-ray Diffraction (XRD). The powder XRD patterns were collected on a Bruker D2
Phaser with a LYKXEYE 1D silicon strip detector using Cu Ka radiation (l = 1.5406 Å). The
samples were drop-cast and dried onto zero-diffraction substrates.

2.2.4 Calculations
Nanocrystal Concentration. The concentration of the nanocrystal samples was calculated based
on the UV-Vis absorption measurements. The extinction coefficient (e) of NC samples is related
to the particle composition and size. For spherical CdSe QD, the extinction coefficient is
dependent on the diameter, d,34
4 = 5857(9)$.<=

(Equation 2.1)

The diameter in the unit of nm can be either measured by TEM, or estimated using the
wavelength (l) of the first absorption peak as it’s a function of the bandgap,
9 = (1.6122 × 10*A )BC − (2.6575 × 10*< )BE + (1.6242 × 10*E )B$ − (0.4277)B + 41.57
(Equation 2.2)
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For elongated CdSe QR core, the extinction coefficient was experimentally determined at
350 nm, a wavelength that was far above the band gap, where the density of states is almost
constant and the extinction coefficient is proportional to the volume of the rod35
4 = (0.38 × 10$< )H

(Equation 2.3)

Where V is the volume of the QR in the unit of cm3 and can be measure from TEM counting.
After the extraction of extinction coefficient, concentration of the NC sample solution can be
calculated using Beer-Lambert Law.36
IJK = 4JL

(Equation 2.4)

Where c is the sample concentration and b is the path length.

Quantum Yield (QY). The photoluminescence quantum yield of the QRs was calculated based
on comparison to a reference dye using standard methods:
MNO

RS

T

Quantum Yield QR (%) = QYR(MNO P )( RSQP )( TQP )$
QP

P

P

(Equation 2.5)

where QYR is the quantum yield of reference dye (Rhodamine 6G = 95% in ethanol), AbsR and
AbsQR are the optical absorption at specific excitation for the reference dye and QR samples,
respectively. PLR and PLQR correspond to the total area of the PL emission after wavelength
dependent calibration of both the excitation source, and photoluminescence detector, as well as
after PL spectra baseline correction. hR and hQR are the refractive index for the solvents of the
reference dye and QR samples, respectively.
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2.3 Results and Discussion
2.3.1 Morphology

Figure 2.1. Representative TEM micrographs (top) for CdSe synthesized at aspect ratios (l/w) of
1.0 (a) and 1.7 (b) with statistical analysis (bottom).
To study the surface chemistry of CdSe nanocrystals with different aspect ratios, we
started from investigating quantum dot (QD) with the aspect ratio of 1.0. Figure 2.1 (a) shows
the transmission electron microscopy (TEM) images of the synthesized QD with the
corresponding statistical analysis histogram, which confirms its spherical shape with an average
diameter of 3.0 ± 0.4 nm. Next, we synthesized short quantum rods with shape in between of
spherical dots and elongated rods. As shown in figure 2.1 (b), the QR has an aspect ratio of l/w =
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1.7 ± 0.3 (l = 10.1 ± 1.8 nm, w = 5.9 ± 0.9 nm). In addition, the high-resolution transmission
electron microscopy (HRTEM) micrograph in figure 2.4 (a) confirmed the wurtzite crystal
structure of the short rods. The morphology was tuned by controlling the synthetic conditions,
namely, by tailoring the molar stoichiometries of trioctylphosphine oxide (TOPO) and
phosphonic acids (PA) with different alkyl chain lengths. While the synthesis of spherical
quantum dots used only long chain ODPA, the syntheses of quantum rods were carried out with
a combination of ODPA and MPA to promote the anisotropic growth along the c-axis of the
CdSe wurtzite crystal structure. The ratio between MPA and ODPA was gradually increased for
rod elongations. Figure 2.2 shows TEM images and the corresponding statistical analysis
histograms of three QR samples with higher aspect ratios. The rods in figure 2.2 (a) have an
aspect ratio of l/w = 2.4 ± 0.5 (l = 8.5 ± 1.7 nm, w = 3.5 ± 0.5 nm), while the rods in figure 2.2 (b)
and (c) have much higher aspect ratios of l/w = 4.8 ± 0.7 (l = 27.5 ± 2.4 nm, w = 5.8 ± 0.7 nm)
and l/w = 5.2 ± 1.0 (l = 26.7 ± 3.4 nm, w = 5.2 ± 0.6 nm), respectively.
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Figure 2.2. Representative TEM micrographs (i) of CdSe at increasing l/w = 2.4 (a), 4.8 (b) and
5.2 (c) with statistical analysis (ii-iv).
As introduced in Section 1.2.3, one common way to promote the quantum yield as well as
the photo and chemical stability of CdSe nanocrystals is to grow a shell with a material of higher
band gap on the surface. Core/shell quantum rods can be prepared that have either a dot-in-rod
(d/r) or a rod-in-rod (r/r) microstructure. These rods are also technologically important, as they
have been shown to exhibit higher degree of polarized optoelectronic properties. Previously, our
group reported studies on CdSe/CdS QRs with rod-in-rod microstructure utilizing its high degree
of linearly polarized emission for Förster Resonance Energy Transfer (FRET) and
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Bioluminescence Resonance Energy Transfer (BRET) applications.7,8,12,37 The reason of
choosing the composition of CdSe/CdS is that, both the core and shell materials have the
wurtzite crystal structure, and the difference between their lattice constants is ideally small.

Figure 2.3. Representative TEM micrographs of core/shell quantum rods with different microstructures: dot-in-rod (d/r) CdSe/CdS QR with l/w = 11.7 (a) originated from CdSe at l/w = 1.0,
and rod-in-rod (r/r) CdSe/CdS QR with l/w = 7.5 (b) synthesized from CdSe at l/w = 4.8.
Figure 2.3 shows representative TEM images for the synthesized d/r-CdSe/CdS (a) and
r/r-CdSe/CdS (b). These rods have much higher l/w = 11.7 ± 2.7 (l = 34.0 ± 3.9 nm, w = 3.0 ±
0.5 nm), and l/w = 7.5 ± 1.5 (l = 33.0 ± 4.9 nm, w = 4.7 ± 0.6 nm), respectively. Both core/shell
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QRs were obtained through a seeded growth approach, the d/r-CdSe/CdS used the CdSe QD (l/w
= 1.0) and the r/r-CdSe/CdS used the CdSe at l/w = 4.8 sample as the core material. The
syntheses were carried out using a combination of ODPA and HPA to promote the anisotropic
growth. Figure 2.4 (b) shows the HRTEM image of the synthesized d/r-CdSe/CdS, where wellresolved lattice planes that are perpendicular to the long axis of the rods can be observed, which
correlates with the reported preferential growth of the QR along the <002> facet of a Wurtzite
crystal structure.24,33

Figure 2.4. Representative HRTEM micrographs of CdSe at l/w = 1.7 (a) and d/r-CdSe/CdS at
l/w = 11.7 (b).
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2.3.2 Crystal Structure

Figure 2.5. Representative XRD spectra for CdSe at l/w = 1.0, 1.7, 2.4, 4.8 and 5.2 (left), d/rCdSe/CdS at l/w = 11.7 and r/r-CdSe/CdS at l/w = 7.5 (right) with standards of Wurtzite CdSe
and CdS (bottom).
Figure 2.5 shows the powder X-ray diffraction spectra of the synthesized CdSe and
CdSe/CdS nanocrystals. While different synthetic conditions and ligand ratios were used to
control the morphology or microstructure of each nanocrystal, they all have the Wurtzite crystal
lattice, which is proved when comparing to the CdSe or CdS Wurtzite standards. Specifically,
the <102> peak at 35.1° and the <103> peak at 45.8° are the characteristics of the Wurtzite
CdSe. For Wurtzite CdS, these two peaks appear at 36.6° and 47.8°, respectively. For both the
CdSe cores and the CdSe/CdS core/shell quantum rods, the peak corresponding to the <002>
plane appear to be much more distinct than the standards of the Wurtzite crystal structure, this
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result correlated well with the anisotropic rod growth along this direction, and confirmed the
relatively high aspect ratio of the rods.

2.3.3 Optical Properties of Anisotropic Structures

Figure 2.6. Normalized UV-Vis absorption (dotted line), PL emission (solid line) and PL
anisotropy (<r>, inset) spectra for CdSe at l/w = 1.0, 1.7, 2.4, 4.8 and 5.2.
Figure 2.6 shows the UV-Vis absorption, PL emission and PL anisotropy spectra of the
synthesized CdSe with increasing aspect ratios. The optoelectronic properties showed quantized
absorption and emission spectra, with CdSe at higher l/w showing broader absorption and
emission features. For the CdSe quantum dot (l/w = 1.0) sample, its PL spectrum has a sharp
emission peak at 550 nm in the green-emitting region. The CdSe at l/w = 1.7 sample has the PL
emission peak at 660 nm, while the CdSe at l/w = 2.4 has the peak in the orange-emitting region
of 611 nm. Both the high aspect ratio CdSe samples l/w = 4.8 and l/w = 5.2 have the emission
peak in the red-emitting region at 656 nm and 645 nm, respectively. The PL anisotropy (<r>)
measurements revealed that <r> increased with l/w. Spherical CdSe and low aspect ratio l/w =
1.7 showed fairly low values with no obvious character on excitation dependent polarized
emission, whereas rods of l/w = 4.8 and 5.2 showed higher overall <r> with increased excitation
dependence, as discussed previously,5–8 which further confirmed the morphology change from
dots to rods.
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Figure 2.7. Normalized UV-Vis absorption (dotted line), PL emission (solid line) and PL
anisotropy (inset) spectra for d/r-CdSe/CdS at l/w = 11.7 and r/r-CdSe/CdS at l/w = 7.5.
Figure 2.7 shows the UV-Vis absorption, PL emission and PL anisotropy spectra of the
core/shell d/r-CdSe/CdS and r/r-CdSe/CdS quantum rods. The optoelectronic properties were
revealed as broad absorption and sharp emission spectra, with the PL peak at 589 nm for the d/r
sample, and 663 nm for the r/r one. The PL quantum yield has also increased in both cases, from
around 6% of the QD core to 30% for d/r sample, and from the modest value of the CdSe core
(lower than 1%) to 19% for the r/r sample. The PL excitation anisotropy spectra revealed
nonlinear excitation dependent <r> with maxima at ~520 and 590 nm, respectively. In particular,
r/r-CdSe/CdS shows a nonlinear anisotropy with higher <r> values than its rod core or the d/rCdSe/CdS, which proves that, rod-in-rod heterostructure has a relatively higher degree of linear
polarization as the polarized properties of the rod-shaped seed further reinforced by the rodshaped shell.5,6
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Figure 2.8. Normalized UV-Vis absorption (a) and PL emission (b) spectra from monitoring the
S-TOP solution addition. (c) Comparison of the optical and PL anisotropy (inset) spectra before
and after the S-TOP solution addition. (d) PL quantum yield evolution of the reaction solution
measured in situ. (e) PL quantum yield of the sampled aliquots and the stock solution measured
after different periods of time.
The rationale of using shell growth to improve the quantum efficiency of QR is that, the
surface traps on the rod core can be passivated from the shell deposition, the quantum yield and
colloidal stability will therefore be improved.30,32,33,38–40 But this requires another hightemperature hot-injection reaction with strict experimental conditions. It also has been known
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that during the NC purification processes, the addition of antisolvents like methanol and acetone
can protonate the ligands coordinated onto NC surface, which will lead to the desorption of these
ligands and leaving the surface atoms not fully passivated, thus decreasing the PL QY.41
Previously, studies from our group have shown that, for cesium lead halides perovskites, adding
ion-ligand pairs such as lead-carboxylate and ammonium halide ligands during the purification
steps could yield nanocrystals with higher stabilities and QY values.42 Here, we adopted this
approach to improve the QY with lower requirements on reaction conditions. Sulfur dissolved in
trioctylphosphine (TOP) was used as the ion-ligand pair in this case. The S-TOP solution was
added to the purified CdSe QR stock solution post-synthetically. After preliminary trials on
exploring appropriate reaction temperatures and [S]:[CdSe] molar ratios, 110 °C and 350:1 ratio
was chosen for future experiments.

Figure 2.8 shows a compilation of the characterization results for the CdSexS1-x QR
obtained from this study, where the CdSe at l/w = 2.4 sample with the PL peak at 611 nm was
used. Figure 2.8 (a) and (b) shows the normalized UV-Vis absorption and PL emission spectra of
QRs during the S-TOP addition process. It can be observed that, other than a slight blue-shift of
the PL peak position, the optical properties of the QR had been well preserved. Figure 2.8 (c)
shows the direct comparison of the optical spectra and PL anisotropy before and after the S-TOP
addition. The PL anisotropy spectra show comparable overall <r> values but higher dependence
on the excitation wavelength, indicating the preservation of the rod shape and the anisotropic
properties. Figure 2.8 (d) is the result of the in situ PL QY monitoring over time. It is surprising
to find that during the first 10 minutes of the addition reaction, the QY value increased almost 8
times to about 4%. But as the experiment proceeded under the same conditions, the QY
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gradually dropped to around the same as the original value. It is possible that the original QR
surface was Cd-rich, and the addition of the anion-ligand moieties had instantly fulfilled the
dangling bonds on the surface and increased the yield of radiative recombination. The retaining
of the reaction temperature had induced further re-arrangement of the surface atoms, probably
making it rich with anions like Se and S, resulted in the decrease of QY over the course of the
reaction. Therefore, further control over reaction temperature and anion addition ratio is worth
exploring on. Another interesting finding is that, as shown in figure 2.8 (e) from a different
experimental trial with longer monitoring time, reaction aliquots were taken over the addition
process, these solutions were diluted with toluene, stored under room temperatures, but were
found to have increasing QY values over the storage time. Same as the data shown in (d), the
aliquot taken after short reaction time of 10 minutes had higher QY than the longer reaction time
of 10 days. But when comparing the PL performance of the diluted solution to the concentrated
final stock solution, the former was found to have much higher QY. This observation is possibly
related to the suppression of the inner filter effect in the sample solutions, as the diluted solution
resemble an environment where the NC-ligand interface is less crowded and allows for better
arrangement of surface atoms, this solution exhibited an improvement on quantum efficiency.
Therefore, it’s also crucial to investigate the surface ligands packing density and orientation
condition, as well as the original surface cation and anion enrichment situation when adding
more capping ligands, which is part of our on-going work.

2.4 Conclusions
In conclusion, we investigated the morphologies, crystal structures and optical properties
of different CdSe and CdSe/CdS core/shell QRs. The CdSe rod cores with varied aspect ratios
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were prepared via hot injection approach in different ligand compositions. The CdSe/CdS QRs of
dot-in-rod and rod-in-rod microstructures were synthesized with seeded growth method. The assynthesized QRs were characterized with TEM, powder XRD, UV-Vis and PL spectroscopy
methods. They all had Wurtzite crystal structures as evidenced by HRTEM micrographs and
XRD patterns. As the aspect ratio increased, the elongated QRs had higher degree of optical
anisotropic properties and increased excitation dependence. Post-synthetic addition of ion-ligand
pairs have been proved to increase the quantum efficiency of QRs without altering the general
optical properties, but reaction conditions such as the temperature, time, molar ratio between the
incoming ligand and original rods still need tailoring for better QY improvement result.
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Chapter 3
Investigating the Relationship between Surface Ligands and QR Morphology

In this chapter, we characterized the phosphonic acid capping ligands on the surface of
CdSe and CdSe/CdS core/shell quantum rods (QRs) both qualitatively and quantitatively. The
CdSe QRs with wurtzite crystal structure of varying aspect ratios were prepared via hot injection
approach with fine-tuned ligand compositions. CdSe/CdS QRs of dot-in-rod and rod-in-rod
microstructures were synthesized using seeded growth method. The binding condition of the
organic ligands on the inorganic nanocrystals was investigated with a series of analytical
methods, especially several solution nuclear magnetic resonance spectroscopy (NMR)
techniques, such as 1D 1H, 2D diffusion ordered spectroscopy (DOSY) and relaxation ordered
spectroscopy (ROSY). Characterization and calculation results suggest that, spherical dots and
rods with modest aspect ratios have a compact ligand capping layer, and these ligands are
arranged approximately perpendicular to the interface. As aspect ratio further increases, QRs are
more susceptible to have a dynamic interface with ligands loosely bound to the surface.
Moreover, these ligand chains are disordered and wrapping around the QRs with the protons of
similar proximity to the surface. Therefore, we suspect that for QRs with high aspect ratios, these
surface chemistry features are highly possible to be the sources of their limited colloidal stability
and low photoluminescence quantum efficiency. This work is reproduced with permission from
J. Phys. Chem. C., 2019, 123 (38), 23682-23690. Copyright 2019 American Chemical Society.

3.1 Introduction
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Semiconductor nanocrystals, like quantum dots (QDs) and rods (QRs) have composition-,
size-, and asymmetry-dependent optoelectronic properties,1,2 where a small changes in size or
aspect ratios can lead to measurable changes in optical absorption and photoluminescent
emission energies,3 as well as varied degrees of polarized absorption and emission at those
energies.4 One such system is that of core/shell QRs, whose microstructures can be dot-in-rod
(d/r) or rod-in-rod (r/r) types, and which have linearly polarized optoelectronics that are crucial
for advances of nanoscale lasers,5 display devices,6 and energy transfer applications.7–10,

11–14

Experimentally however, these QRs often have poorer photo and colloidal stability, which
challenges the ability to design new nanostructures or harness the full potential of their
properties.15 Research has shown that surface ligand coverage plays a critical role in stability,
and many surface chemistries have been used towards understanding and optimizing this.16–18
Over the past few years, several studies17,19,20 have focused on identifying and quantifying the
monolayer capping shell on nanoparticle surfaces, along with improving synthesis protocols to
obtain higher PL efficiency and colloidal stability.21 These studies4,22–24 have identified that the
nature of the capping ligand shell and its distribution can profoundly affect the structural and
optoelectronic properties of nanocrystals.13,25,26 To this end, advances in nuclear magnetic
resonance (NMR) techniques and its data analysis has emerged as a powerful tool to probe the
ligand-QD interface,19,27,28 with classifications of chemical shift and broadening being directly
correlated to binding type.29,30,31,32 Moreover, advanced 2D diffusion ordered spectroscopy
(DOSY),33 relaxation ordered spectroscopy (ROSY)28,34 and nuclear overhauser effect
spectroscopy (NOESY)35 is further used to differentiate the binding type in increasingly more
precise and quantitative ways.17 However many studies to date have focused on spherical QDs or
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metal nanoparticles

36,37

with only very recent studies focused on more complicated asymmetric

systems, such as 2D nanoplatelets.38

Herein we investigate the binding of phosphonic acids (PA) as a function of aspect ratio
of CdSe and CdSe/CdS nanocrystals. By combining 1H NMR with 2D DOSY we distinguish the
different PA binding strengths and quantify the surface ligand density (LD) at each nanocrystal,
which was found to be highly dependent on aspect ratio. Further, by additional 2D ROSY studies
performed concurrently to DOSY, we relate observed relaxation times to binding type and
monolayer structure, allowing for further insights into aspect ratio interfacial interactions and
binding mechanisms.

3.2 Experimental
3.2.1 Chemicals and Materials
Cadmium oxide (CdO, ≥ 99.9%), sulfur (S, reagent grade, 100 mesh), 1-octadecene
(ODE, 90%), trioctylphosphine oxide (TOPO, 90%), trioctylphosphine (TOP, 97%), diphenyl
ether (DPE, ≥ 99%), ferrocene (98%), toluene ( ≥ 99.5%), methanol ( ≥ 99.8%) and acetone
( ≥ 99.5%) were purchased from Sigma Aldrich. Selenium (Se, 99.99%, 200 mesh) was
purchased from Alfa Aesar. N-octadecylphosphonic acid (ODPA, 98%), n-tetradecylphosphnic
acid (TDPA, 97%), n-decylphosphonic acid (DPA, 97%), n-hexylphosphonic acid (HPA, 98%)
and methylphosphonic acid (MPA, 98%) were purchased from Strem Chemicals. Benzene-d6
(99.6%) and toluene-d8 (99.5%) were purchased from Cambridge Isotope Laboratories. Hexane
(≥98.5%) was purchased from VWR. 200 proof ethanol was purchased from Pharmco-AAPER.
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3.2.2 Synthesis
CdSe and CdSe/CdS Quantum Rod Synthesis. See Section 2.2.2.

3.2.3 Instrumentation
UV-Visible (UV-Vis) Absorption and Photoluminescence (PL) Emission Spectroscopy. See
Section 2.2.3

Nuclear Magnetic Resonance (NMR). The Nuclear Magnetic Resonance (NMR) experiments
were performed on a Bruker AVANCE III HD 400 MHz NMR spectrometer. The instrument is
equipped with a broadband CryoProbe ProdigyTM with z-axis pulsed field gradient and maximum
gradient strength of 0.48 T⋅m-1. The CdSe samples were prepared by first drying the purified
samples under argon, then re-dispersed in benzene-d6 or toluene-d8 with ferrocene as an internal
concentration standard. Neat ligand samples were prepared by dissolving the as-received
reagent(s) in benzene-d6 or toluene-d8. All 1D 1H NMR spectrums were recorded using standard
Bruker library pulse sequences, and a repetition delay of 10-20 seconds was used for all NMR
work to allow for full relaxation between scans. The DOSY NMR experiments were acquired as
we previously reported.33 The ROSY NMR plots were generated by collecting inversion
recovery experimental data and processing it with an regularized Inverse Laplace Transform
similar to how our DOSY NMR distributions are obtained. The delay was varied from 10-3 to 12
seconds to capture both fast- and slow-relaxing species.

3.2.4 Calculations
See Section 2.2.4
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3.3 Results and Discussion
In this section, we first describe the CdSe morphologies used in this study. The properties
of the phosphonic acid (PA) capping are then first studied using 1H-NMR, and then quantified
using 2D Diffusion Ordered NMR Spectroscopy (DOSY). Next, the proximity of the PA-capping
to the interface of CdSe was then probed using Relaxation Ordered NMR Spectroscopy (ROSY).
These results for CdSe are then compared to two different CdSe/CdS core-shell morphologies,
the comparisons of which are described the concluding mechanism for PA-binding to
asymmetric CdSe and CdSe/CdS.
3.3.1 Qualitative Analysis Using One-dimensional NMR

Figure 3.1. Representative UV-Vis absorption, PL emission, PL anisotropy (<r>) and TEM
micrographs for PA-capped CdSe synthesized at aspect ratios (l/w) of 1.0 (a), 1.7 (b), 2.4 (c), and
4.8 (d).
Figure 3.1 shows a compilation of characterization results for the PA-capped CdSe used
in this study. Analysis of CdSe morphology by TEM showed that the CdSe varied between small
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dots with an aspect ratio (length/width (l/w)) of 1.0 (d = 3.0 ± 0.4 nm) (a), to two short rods with
aspect ratios of 1.7 (l = 10.1 ± 1.8 nm, w = 5.9 ± 0.9 nm) (b) and 2.4 (l = 8.5 ± 1.7 nm, w = 3.5 ±
0.5 nm) (c), as well as a longer rod with l/w = 4.8 (l = 27.5 ± 2.4 nm, w = 5.8 ± 0.7 nm) (d). The
morphology was tuned by controlling the synthetic conditions, namely, by tailoring the molar
stoichiometries of trioctylphosphine oxide (TOPO) and alkylphosphonic acids (PA) with
different chain lengths as discussed in Section 2.3.1. The optoelectronic properties showed
quantized absorption and emission spectra, with CdSe at higher l/w showing broader absorption
and emission features. The PL anisotropy (<r>) measurements revealed that <r> increased with
l/w, where spherical CdSe showed no excitation dependent <r>, while rods of l/w = 4.8 showed
higher overall <r> with increased excitation dependence, as discussed previously,7–10 which
further confirmed the morphology change from dots to rods.
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Figure 3.2. 1H NMR spectra of PA-capped CdSe at l/w = 1.0, 1.7, 2.4, and 4.8. Peaks for the PA
methyl (a), methylene (b) and headgroup (c) protons, as well as the deuterated solvent (toluened8, †) and solvent impurities (*) are indicated.
To understand the relationship between CdSe l/w and PA capping stability or structure,
NMR was employed. Figure 3.2 shows the 1H NMR spectra of CdSe at l/w = 1.0, 1.7, 2.4, and
4.8. One essential feature of these spectra is the peak broadening, which is related to how the
molecules bind to the particle interface, intermolecular interactions and slowed diffusion.19,28,32,35
For the interpretation and assignment of these resonances, PA was used, because recent findings
have shown that, despite being synthesized with high concentrations of TOPO, PA persists at the
interface as the final capping layer, even after multiple rounds of purification.35,37 For example,
the spectra for CdSe at l/w = 1.0 have intense but broad resonances at ~1.05 ppm which
correspond to bound PA’s methyl protons (denoted as a), while the broad resonance centered at
~1.50 ppm corresponds to the methylene protons (denoted as b), and the shoulder observed at
~2.05 ppm is assigned to protons on the acid headgroup (denoted as c). For the case of this l/w,
these all originate from octadecylphosphonic acid (ODPA), and the sharp resonances and
multiplicities arise from residual solvent, i.e., hexane. For CdSe at l/w = 1.7, a similar spectral
shape is observed with increased broadening for the b and c regions. We found that the CdSe at
l/w = 1.7, 2.4 and 4.8 were more soluble in toluene compared to hexane, and they show a toluene
solvent peak at 2.10 ppm. A close inspection of these spectra shows unique features at the aregion, which we attribute to the different lengths of PAs used in the synthesis of those aspect
ratios. Another feature is the increased broadening at increased l/w, which could be due to lower
number of PAs per CdSe, higher intermolecular interactions, or increased relaxation rates due to
close proximity to the interface. While it is difficult to differentiate these effects in standard 1D
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NMR, it is possible by combining 2D techniques that separate the chemical signals by diffusion
or relaxation times.

3.3.2 Ligand Binding Strength via Two-dimensional Diffusion Ordered Spectroscopy
(DOSY)
Diffusion ordered spectroscopy (DOSY) was employed to correlate the broadening
observed with the portion of bound and unbound PA at the CdSe interface.33,35,38 Figure 3.3
shows representative DOSY results in the aliphatic region for CdSe at l/w = 1.0 (a), 1.7 (b), 2.4
(c), and 4.8 (d), while Figure 3.4 shows the corresponding full DOSY spectra. For example,
consider the DOSY profile for l/w = 1.0 (a) in Figure 3.3, where two sets of diffusion coefficients
(D) are observed at log10D of -8.88 and -10.03. Correlating these to the chemical shifts described
above, the latter can be assigned to the bound PA, while the fast D belongs to residual hexane.
As a control, the DOSY for neat ODPA in benzene-d6 was measured, which showed one
diffusion at log10D = -9.2. Of particular interest is the uniform D across the spectrum, indicating
a uniform diffusion environment, implying that each PA is similar, and tightly bound to CdSe.
This uniform binding correlated well with the observation of favorable long term optical and
colloidal stability for this sample.
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Figure 3.3. Representative 2D 1H DOSY results for PA-capped CdSe with l/w = 1.0 (a), 1.7 (b),
2.4 (c), and 4.8 (d).

Figure 3.4. Full DOSY results for PA-capped CdSe at l/w = 1.0 (a), 1.7 (b), 2.4 (c), and 4.8 (d).
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These DOSY characteristics were different for CdSe at increasing l/w. For example, at
l/w = 1.7 (b), two sets of resonances at log10D = -9.6 and -10.29 were observed, but both were
considerably slower than free molecules. Therefore, these the smaller differences suggest a
closely related bound PA (-10.29) and a weakly or dynamically bound PA (-9.6). Notice also that
the bound fraction diffuses slower than that of the l/w = 1.0, due to the increased size of the CdSe.
Another factor to consider is the chain length of the phosphonic acids. Besides the long-chained
ODPA, methylphosphonic acid (MPA) was also used in the synthesis of the l/w = 1.7 sample,
which if resides at the CdSe interface, should lead to an increase in log10D, but in general, this
influence is overshadowed by length of the rod. The dynamic interface of CdSe at l/w = 1.7 was
also characteristics of the l/w = 2.4 (c) and 4.8 (d) samples, with an added trend of a more
uniform, and faster D. Using deconvolution, two closely related log10D = -9.51 and -9.34 were
determined for CdSe at l/w = 2.4, and -9.48 and -9.24 for CdSe at l/w = 4.8. Further, the ratio
between the fast and slow diffusing species is different among these two samples. For example,
at l/w = 4.8, the percentage of fast-diffusing species is 36%, compared to just 14% at l/w = 2.4,
suggesting a lower number of bound ligands at any moment. Another way to describe these
results is extracting the average diffusion across the entire chemical shift for each l/w, as plotted
in Figure 3.5a, which shows a decrease in Dave with l/w.
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3.3.3 Ligand Density (LD) Quantification

Figure 3.5. Summary plots of average diffusion times (Dave) (a), calculated PA ligand densities
(LD) (b), average relaxation time (T1(ave)) (c) and change in T1 (DT1) (d) values determined
from DOSY and ROSY analysis.

Aspect
Ratio
(l/w)

Systems

CdSe

CdSe/CdS

(d)

1.0

(r)

1.7 ± 0.3

(r)
(r)

Length
(nm)

Width
(nm)

3.0 ± 0.4

log Dave
(m2/s)

LD
(nm-2)

log T1, ave (s)

∆T1 (s)

Emission
Wavelength
(nm)

-10.03

2.21

-0.43

0.85

550

10.1 ± 1.8

5.9 ± 0.9

-10.29

4.81

-0.32

0.41

660

2.4 ± 0.5

8.5 ± 1.7

3.5 ± 0.5

-9.56

4.92

-0.38

0

611

4.8 ± 0.7

27.5 ± 2.4

5.8 ± 0.7

-9.36

1.27

-0.42

0

656

(r)

5.2 ± 1.0

26.7 ± 3.4

5.2 ± 0.6

-9.35

0.57

-0.19

0.06

645

(r/r)

7.5 ± 1.5

33.0 ± 4.9

4.7 ± 0.6

-9.69

0.24

-0.23

0.04

663

(d/r)

11.7 ± 2.7

34.0 ± 3.9

3.0 ± 0.5

-9.32

0.23

-0.01

-0.08

589

d = dot, r = rod, r/r = rod-in-rod, d/r = dot-in-rod

Table 3.1. Summary of the nanocrystal morphological dimensions, emission wavelength, and the
extracted 2D NMR values.
The uniform diffusion band at l/w = 1.0 implies that it has the highest PA coverage and
strongest binding, while higher l/w CdSe have lower coverage, implying weaker binding, as
suggested by the broader band. To further quantify this, the ratios and intensities of the DOSY
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signatures were used to estimate ligand densities (LD), as has been described recently in a
number of studies.33,35,39 For example, our group recently used DOSY to measure LD of
oleylamine (OAm), oleic acid (OAc), and OAc-OAm amide complexes at cesium lead halide
(CsPbX3) nanoparticles.33 This approach is summarized by equation 3.1,
Y

LD = X

Z[\
ab
Z]^_`

cM

ghi`` *gjkl

d ; x = fg

hi`` *gkjmn^

o

(Equation 3.1)

where for a given NMR experiment, nPA is the number of moles of PA molecules, determined
from signal integration, nCdSe is the number of moles of CdSe particles, determined
spectroscopically,25,40,41 the surface area (SA) is approximated based on TEM defined
morphology, Dfree is the measured diffusion coefficient for neat PA, Dbound is the diffusion
constant for the calculated PA-CdSe complex, and Dobs is the measured PA-CdSe complex. Note
that for the synthesis of CdSe at increased l/w, PAs with various alkyl chain lengths were added,
and the LD calculations considered the contributions of different numbers of methyl and
methylene protons from different types of PAs, and are reported as weighted average values.

Figure 3.5b shows a plot of the calculation results, where for example, a LD = 2.21 nm-2
was calculated for l/w = 1.0, which corresponds to ~63 ODPA per CdSe. Interestingly, the
intermediate aspect ratios, at l/w = 1.7 and 2.4, showed higher LD = 4.81 nm-2 and 4.92 nm-2.
Above this l/w threshold however, LD decreases to 1.27 nm-2 for l/w = 4.8, and an even lower to
0.57 nm-2 for another control CdSe rod with l/w = 5.2 (see Figure 3.8). Taken together with the
diffusion coefficients described above, the results suggest strong binding and coverage for dots
(l/w = 1.0), and that short rods (l/w = 1.7 and 2.4) are well-covered, but their relatively fast
diffusion coefficients suggest that the PA are not bound tightly to the QD surface. Further, that
rods (l/w > 2.4) are not well saturated with PA.
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3.3.4 Ligand Binding Orientation via Two-dimensional Relaxation Ordered Spectroscopy
(ROSY)
These DOSY results suggest different packing and orientation of PA-capping for each
particle, and while it gives good approximation of coverage, it remains a challenge to understand
the structure of the PA-capping. However, it is possible to study the relaxation environment of
each proton along the alkyl-chain, and relate it to distance from the CdSe interface, since
observations that T1 and T2 relaxation times have been shown to be enhanced when in close
proximity to a nanoparticle surface.28 Thus, by performing an inversion-recovery NMR
experiment, and using Numeric Laplace Inversion to convert the multi-exponential decaying
signal to T1 values as a function of chemical shift, a 2D relaxation ordered spectroscopy (ROSY),
plot can be generated.

Figure 3.6. Representative 2D 1H ROSY results for PA-capped CdSe with l/w = 1.0 (a), 1.7 (b),
2.4 (c), and 4.8 (d).
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Figure 3.7. Full ROSY results for PA-capped CdSe at l/w = 1.0 (a), 1.7 (b), 2.4 (c), and 4.8 (d).
Figure 3.6 shows representative ROSY contour plots in the aliphatic region for CdSe
described above with l/w = 1.0 (a), 1.7 (b), 2.4 (c), and 4.8 (d), while Figure 3.7 shows the
corresponding full ROSY spectra. Consider again the plot for l/w = 1.0, at low ppm,
corresponding to the a-region protons (outermost distance from the PA headgroup), T1 times of
~log0.25 are observed. This is compared to the c-region protons nearest the headgroup (ppm ~
1.5), which have T1 of ~ -log0.25. These differences are interpreted as different distances
between the proton and the CdSe interface, where the c-region are closest, while the a- and bregions are extended outwards, further indicating a tight, monolayer like environment, which
agrees well with the LD values extracted from DOSY above. This T1 environment can be
observed, albeit to a lesser extent, at l/w = 1.7 (b), where a T1 difference can be observed
between 1.0 and 1.5 ppm, for instance. However, at l/w = 2.4 (c) and 4.8 (d), less difference can
be observed, further suggesting that each proton along the length of the PA is in similar
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proximity to the interface, which also correlates with the low LD values obtained from DOSY.
Figure 3.5c plots the average T1 time as a function of CdSe l/w, where a slight increase is
observed at intermediate l/w. In addition, Figure 3.5d plots a so-called DT1 versus l/w, where
DT1 = T1(a) – T1(b), where T1(a) is the maximum value in the a-region (~1 ppm), and T1(b) is the
maximum value in the b-region (~1.4 ppm). This plot shows a consistent trend and drop in DT1
as a function of l/w, indicating a change in PA packing as described.

Figure 3.8. Representative TEM micrograph (a) with statistical analysis (ii-iv), normalized UVVis absorption, PL emission and PL anisotropy spectra (b), XRD (c), 2D DOSY (d) and ROSY
(e) NMR plots for CdSe with higher l/w of 5.2 (l = 26.7 ± 3.4 nm, w = 5.2 ± 0.6 nm).
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3.3.5 Analysis on High Aspect Ratio Core/shell QR
With these insights into the binding of PA on CdSe at different l/w, we were interested in
studying even longer rods. Synthetically, these are more challenging however, so core/shell
CdSe/CdS rods were prepared that had either a dot-in-rod (d/r) or rod-in-rod (r/r)
microstructure.42,43 These rods are also technologically important, as they have been shown to
exhibit higher degrees of polarized optoelectronic properties, which are important for Förster
Resonance Energy Transfer (FRET) and Bioluminescence Resonance Energy Transfer (BRET)
applications, amongst others.9–11,44

Figure 3.9. Representative UV-Vis absorption, PL emission, PL anisotropy (<r>) and TEM
micrographs for PA-capped d/r-CdSe/CdS (a) and r/r-CdSe/CdS (b) with l/w = 11.7 (a), and 7.5
(b), respectively.
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Figure 3.9 shows a representative set of characterization results for PA-capped d/rCdSe/CdS (a) and r/r-CdSe/CdS (b). These rods had l/w = 11.7 (l = 34.0 ± 3.9 nm, w = 3.0 ± 0.5
nm) for the dot-in-rod sample, and l/w = 7.5 (l = 33.0 ± 4.9 nm, w = 4.7 ± 0.6 nm) for the rod-inrod sample, respectively. The optoelectronic properties show broad absorption and sharp
emission spectra, with PL anisotropy spectra revealing nonlinear excitation dependent <r> with
maxima at ~520 and 590 nm, respectively.

Figure 3.10a and Figure 3.11a show the DOSY (i) and ROSY (ii) of the d/r-CdSe/CdS
(l/w = 11.7) in the aliphatic region and as the full spectra, respectively. Like the higher aspect
ratio CdSe rods studied above, DOSY (i) revealed an increased diffusion rate compared to CdSe
at l/w = 1.0, and a similar wide diffusion characteristic as shown with high aspect ratios CdSe
above, associated with bound and unbound PA. This rod also had a low LD, of ~0.23 nm-2.
Interestingly, the ROSY results (ii) were similar to the rods show above, with a DT1 that
continued the trend of decreasing with increasing aspect ratio, as shown in Figure 3.5d. Similar
properties were observed for the r/r-CdSe/CdS (l/w = 7.5) (Fig. 3.10b) in DOSY (i) and ROSY
(ii), and a similarly low LD value of ~0.24 nm-2. In both of the core/shell samples, T1 in a- and bregions show higher intensities and more stepping across ppm compared to the CdSe. We
attribute this to the synthesis of these samples in the presence of low concentrations of short
chain phosphonic acids (i.e. MPA, HPA), which are much less likely to lay flat or wrap the
surface. Nonetheless, combining these results with those from CdSe, plots for D(ave), LD,
T1(ave) and DT1 versus l/w are shown in Figure 3.5, suggests that LD significantly decreases
with increased aspect ratios.
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Figure 3.10. The 2D DOSY (i) and ROSY (ii) results for d/r-CdSe/CdS at l/w = 11.7 (a) and r/rCdSe/CdS at l/w = 7.5 (b).

Figure 3.11. Full DOSY (i) and ROSY (ii) results for d/r-CdSe/CdS at l/w = 11.7 (a) and r/rCdSe/CdS at l/w = 7.5 (b).
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3.3.6 Surface Binding Model
Figure 3.12 summarizes these results with a schematic illustration depicting the proposed
PA binding at CdSe and CdSe/CdS nanocrystals. As described above, the PA bound to CdSe
with l/w ~ 1.0 were found to have uniform diffusion profiles in DOSY, which correlated with
high LD values, while at the same time have T1 times for alkyl protons that were proportional to
the distance from the phosphonic acid headgroup, suggesting a more conventional close-packed
monolayer packing. In contrast, the CdSe or CdSe/CdS with l/w > 2.4 showed broader PA
diffusion profiles, lower LD, and faster overall T1 times that were consistent for protons at any
position, suggesting that a high percentage of ligands lay flat, or wrap, the surface of the high
aspect ratio nanocrystals. While different synthetic conditions and ligand ratios were used to
control the morphology or microstructure of each nanocrystal in this study, each had a Wurtzite
crystal lattice, as was determined using powder X-ray diffraction in figure 2.5. Recent studies45–
50

have investigated the relationship between particle curvature, using spherical nanoparticles and

quantum dots of different core diameters, and the resulting surface chemistry and ligand
densities.26,51 Those studies showed a relationship between particle curvature and ligand density,
while this work did not show a strong correlation between the width of the rods with the LD as
summarized in Table 3.1. For instance, as CdSe at l/w = 1.7 and 4.8 have almost the same width,
5.9 ± 0.9 nm and 5.8 ± 0.7 nm, respectively, hence similar surface curvature, but showed distinct
LD values as the aspect ratio increases. Similarly, for CdSe at l/w = 1.0 and the d/r-CdSe/CdS at
l/w = 11.7, sharing the same value of radial diameter of around 3.0 nm, but observed much
different LD values with the drastically different aspect ratios. Some studies involving gold
nanorods50 suggest no direct relationship between LD with the aspect ratio of rod, but the
conclusion can be different here, due to the difference in the ligand binding environment arisen
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from the asymmetric Wurtzite lattice of the nanocrystals versus the cubic crystal structure of
gold. In addition, since precedent35,37 has shown that PA is the final capping ligand despite
changes in synthetic ratios between it and TOPO, which suggests that surface structure
difference, binding specificity, or inter-ligand interactions are each affected by aspect ratio.
Phosphonic acids bind to CdSe via the coordination of oxygen to the accessible cations at the
interface,37,52–56 and simulation results52,57 have shown the binding strength of deprotonated PA,
like PA- and PA2- are much stronger than the neutral molecule. Moreover, there is still a
discussion

35,37,58

regarding whether the binding is monodentate, bidentate or tridentate. In our

system, no precautions were used to prevent the deprotonation of PA and no evidence for it was
observed in NMR.

Figure 3.12. A schematic illustration of the proposed phosphonic acid (PA) binding at CdSe and
CdSe/CdS nanocrystals of increasing aspect ratio (l/w).
Therefore, the most significant difference between the low and high aspect ratio surfaces
is the number and type of accessible binding sites or facets available. For a Wurtzite crystal, the
four accessible facets are, the ends, or polar (0001) and (0001" ) surfaces, and the sides, the
nonpolar (112"0) and (101"0) surfaces, as illustrated in Figure 3.12. It has been shown that the
preferential facets for PA binding are the (112"0) and (101"0) sides of rods, followed by the Cd-
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terminated (000 1" ) end, with the lowest affinity for the Se-terminated (0001) end.42,52,57,59
Combined with the NMR observations above, this suggests that the PA binding for the rods is
primarily at the sides, which combined with the high degree conformational freedom for PA,
17,56

leads to poor packing density and wrapping of the surface (Fig. 3.12c). It is unclear if this

binding behavior is due to surface affects, such as defects or impurities at the CdSe interface, or
ligand effects, PA purity, binding motif or high dispersion force, or the result of multiple
purification steps, nor if the ligand density is similar during synthesis, and thus a major factor in
the rod growth mechanism. The need to purify the system of a large excess of ligands before an
NMR study can be performed further complicates the understanding of this mechanism.
However, by designing systems with different chain lengths of PAs employed, extent of PA
protonation, as well as studying different binding chemistries, a better understanding should be
possible, with an end goal of filling in the empty space between ligands along the length and at
the ends of the high aspect ratio nanocrystals, thereby improving both colloidal stability and
optical properties. These, in turn, will allow for improved quantum rod precursors for
applications in energy transfer and biomimetic self-assembly,9–11,44 which is part of our on-going
work.

3.4 Conclusions
In summary, the relationship between the phosphonic acid binding density and CdSe,
CdSe/CdS aspect ratio was determined. Utilizing 1D and 2D DOSY NMR, we observed a
general broadening of phosphonic acid diffusion time with increased aspect ratio, suggesting a
transition in binding from a tightly bound compact system, to a weakly bound low-density
system. Complementing these results was 2D ROSY NMR, where various T1 relaxation times

79

for protons along the length of the ligands was observed for low aspect ratio nanocrystals, while
high aspect ratio systems showed a uniform T1 time for each proton, indicating a model of tight
monolayer packing for low aspect ratios, and sparse, flat binding or wrapping at high aspect
ratios, the latter of which needs to be addressed before high aspect ratios CdSe or CdSe/CdS
nanocrystals possessing long term colloidal or photostability.
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Chapter 4
Surface Functionalization of Quantum Rods

In this chapter, I will describe my work on modifying the quantum rod surface with
different ligands to achieve the phase transfer from hydrophobic solvents to aqueous media, as
well as to ensure the DNA functionality for the next-step DNA-mediated programmable
assembly with DNA origami. Two phase transfer approaches were used to functionalize the QR
surface, one used the amino acid L-histidine as the capping molecule, and the other used a lipoic
acid-zwitterion ligand. This bi-functional ligand was synthesized comprising a lipoic acid (LA)
group and a zwitterion (ZW) moiety. Hydrophobic QRs were functionalized with this LA-ZW
ligand via a photoligation strategy. The obtained hydrophilic QRs were further modified with
single-stranded DNA (ssDNA) for future assemblies. The optical and colloidal stabilities, as well
as quantitative evaluation of the DNA coverage on the hydrophilic QRs will be discussed.

4.1 Introduction
After the organometallic synthesis, nanocrystals are coated with hydrophobic organic
ligands,1,2 to use them in aqueous environment for biological implementations, it’s crucial to
modify the NC surface to be hydrophilic and functional in various biophysical environments.3–6
As discussed in Section 1.2.6, between the two major approaches to achieve the phase transfer of
NCs, the direct hydrophobic-to-hydrophilic ligand monolayer exchange approach yields more
compact nanoparticles than the typically bulky polymer wrapping method.7,8 The directedexchanged molecules can form small hydrophilic self-assembled monolayers (SAMs) on
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nanocrystal surface, and can better serve the purpose of our next-step assembly goal while the
energy transfer efficiency is extremely sensitive to the interparticle distance.9–11

The monolayer exchange approach uses smaller molecules like amine, carboxylate,
phosphine and thiol to displace the organic capping ligands that contains long alkyl chains and to
coordinate directly to the exposed surface cations.3,12 The driving force for the direct ligand
exchange is related to the relative binding strength between the metal and the ligand
headgroups.13 To evaluate the phase transfer performance, we can investigate the ability to retain
optical properties and colloidal stability over time, pH range and ionic strengths.3,6,14 But one
major drawback of using monolayer exchange approach is that, due to the exposure of the NC
surface to different solvent environments during the process, trap sites may get re-introduced to
the system, which leads to a decrease in quantum yield.15 In an ideal case, a surface ligand for
biocompatible nanomaterials need to have at least two components. One is an anchor group that
can coordinate directly, preferably in a multidentate way, to the nanocrystal surface. The other
component is a stabilizer like PEG or ZW groups that can bind strongly to water molecules to
ensure hydrophilicity and to resist nonspecific interactions.3,14 For example, it has been proved
that PEG-based bidentate dithiol dihydrolipoic acid (DHLA) has long-term stability and
biocompatibility against a wide range of pH level.16–19 Moreover, a DHLA-capped zwitterionic
ligand can adopt the good colloidal stabilities of the PEG-based DHLA ligands, and also possess
comparatively small hydrodynamic diameters.20–22

To assemble nanocrystals into hybrid nanostructures through DNA-mediated selfassembly, the nanocrystal surface needs to be modified with oligonucleotides, which is single-
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stranded DNA. There are several aspects we need to consider to ensure the functionality of these
DNA-modified NCs. First, the addition of ssDNA to the NC surface can’t greatly alter the
optical and colloidal properties of the hydrophilic NCs. Second, the affinity of the ssDNA endgroup to the NC needs to be strong enough to ensure the attachment. Third, there should be a
sufficient amount of ssDNA on the surface of each NC particle. Many approaches have been
developed to achieve the DNA functionalization of nanocrystals, such as the most feasible direct
ligand exchange with thiol-capped ssDNA,23–26 the conjugation of a biotin-capped ssDNA on top
of streptavidin,27,28 and amino-modified ssDNA on polymer-coated NC.29,30

Here we first describe our work on using a previously-reported histidine-mediated phase
transfer method25,31 to functionalize QR surface, wherein the amino acid L-histidine is chelated to
the divalent cations on QR surface like Cd2+ through the a-amino group and N(2) of the
imidazole ring. It has been proved that L-histidine have modest chemisorption to the nanocrystal
surface, which can effectively remove the original organic ligands from the synthesis and also
allow further monolayer exchange with other capping ligands, introducing more tailorability to
the nanocrystal surface in hydrophilic environments. But as the approach was originally
developed for QD surface functionalization, it has been observed that, due to the largely
increased surface area of QR compared to QD, the histidine-coated QR often has limited
colloidal stability and tends to precipitate out in buffer solutions over time, especially when the
ionic strength is high for some biocompatible applications. To address this stability issue, we
also explored the viability of synthesizing a bi-functional multidentate ligand to obtain more
stable hydrophilic QRs.21,22,32 This ligand is comprised of one lipoic acid (LA) group and a
zwitterion (ZW) moiety, which takes advantage of both the strong surface binding affinity of
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bidentate DHLA,27 and the excellent stability and functionality provided by zwitterionic
group.3,32 To achieve the phase transfer of QR to an aqueous solution with this LA-ZW ligand, a
photoligation strategy was utilized. Moreover, a protection-deprotection strategy10 was used to
functionalize the QR surface with ssDNA. The DNA coverage was quantified and showed a
higher value compared to the traditional direct ssDNA functionalization method.25,29,33

4.2 Experimental
4.2.1 Chemicals and Materials
Single stranded DNA was purchased from Integrated DNA Technologies. L-histidine
(His, >99.8%), tris acetate, magnesium chloride (MgCl2),

ethylenediaminetetracetic acid

(EDTA), toluene (≥99.5%), methanol (≥99.8%), acetone (≥99.5%), 10x TAE buffer, 10x TBE
buffer, rhodamine 6G, cadmium oxide (CdO, ≥99.9%), sulfur (S, reagent grade, 100 mesh), 1octadecene (ODE, 90%), trioctylphosphine oxide (TOPO, 90%), trioctylphosphine (TOP, 97%),
methanesulfonyl chloride ( ≥ 99.7%), and tetramethyl ammonium hydroxide pentahydrate
(TMAH∙5H2O, ≥97%) were purchased from Sigma Aldrich. Selenium (Se, 99.99%, 200 mesh),
N,N-dimethylpropanediamine and dichloromethane (CH2Cl2, >99.5%) were purchased from Alfa
Aesar. Sodium carbonate (Na2CO3), octadecylphosphonic acid (ODPA, 98%), hexylphosphonic
acid (HPA, 98%) and methylphosphonic acid (MPA, 98%) were purchased from Strem
Chemicals. Lipoic acid (LA, or DL-thioctic acid) and 1,3-propanesultone were purchased from
TCI. Sodium hydroxide (NaOH), sodium chloride (NaCl), magnesium sulfate (MgSO4) and
chloroform (CHCl3) were purchased from Fisher Scientific. Triethylamine (Et3N) were
purchased from VWR. Dimethyl sulfoxide-d6 (DMSO-d6, 99.5%) and deuterium oxide (D2O,
99.5%) were purchased from Cambridge Isotope Laboratories.
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4.2.2 Synthesis of Lipoic acid-zwitterion (LA-ZW) Ligand
Synthesis of LA-N,N-dimethyl 1,3-propanediamine: In a three-neck round bottom flask
mounted with an addition funnel, 7.5mmol lipoic acid and 7.5mmol Et3N was dissolved in 15mL
CH2Cl2. The reaction system was sealed, cooled to 0°C by ice bath, and stirred for 30 minutes
under argon. Then 7.5mmol methanesulfonyl chloride was added dropwise through the addition
funnel to the reaction mixture. The mixture was gradually warmed up to room temperature while
stirring for 5 hours. In the meantime, 6mmol N,N-dimethyl 1,3-propanediamine and 4mmol Et3N
were mixed in 10mL CH2Cl2. This mixture was then added to the reaction flask dropwise from
the addition funnel and left stirring for 12 hours. The product was washed with water and
saturated Na2CO3, then dried over MgSO4 while stirring. Solvent was evaporated by rotary
evaporator, leaving the final product in the form of a yellow oil. The product was stored in
CH2Cl2 at 4°C.

Synthesis of LA-ZW: In a one-neck round bottom flask, 3mmol LA-N,N-dimethyl 1,3propanediamine was dissolved in 12mL of CHCl3 and purged with argon stream. At the same
time, 3.2mmol 1,3-propanesultone was heated until melting and added to the reaction flask by
syringe as a liquid. The reaction mixture was stirred under argon atmosphere for three days. The
product was dried by rotary evaporator and vacuum, then rinsed with about 40mL of CHCl3 three
times to remove impurities. The purified product was dried under vacuum again, and store at 4°C
in inert atmosphere.

4.2.3 Phase Transfer of Quantum Rods
4.2.3.1 Histidine-mediated Phase Transfer
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One way to obtain hydrophilic QRs was adapted from a histidine-mediated phase transfer
method.31 In a representative experiment, 50 µL of 3.2 µM QR-toluene stock solution was dried
with argon stream and re-suspended in 200 µL chloroform. A 130mM histidine solution was
prepared by dissolving L-histidine in a 3:1 methanol-water solution with 0.25M NaOH and
mixed with the QR solution. The mixing ratio was adjusted to ensure the histidine coverage on
QR surface. The solution was purified several times with excess chloroform to remove the native
organic ligands. The rods in the aqueous layer of the last extraction was purified via acetone
precipitation. The resulted pellet was dried with argon and dissolved in 50 µL 10mM tris-acetate
buffer with the pH value of 8.2.

4.2.3.2 UV-irradiated Photo-ligation of LA-ZW Ligand onto QR
For a typical experiment, 35mg of LA-ZW ligand was added to 500µL methanol in a
scintillation vial, the mixture was heated to 50-60°C while stirring until producing a
homogeneous yellow-brown solution. In the meantime, 200µL CdSe/CdS-toluene stock solution
was dried and re-dispersed in 500µL hexane. Then about 2mg TMAH∙5H2O was added to the
LA-ZW solution, followed by the addition of the QR-hexane solution. The two-phase reaction
system was sealed, vacuumed, and purged with argon. The photo-ligation experiment was
carried out by placing the vial inside the UV reactor (λ = 365 nm) and irradiated for 40 minutes
while stirring. During the process, QRs capped with LA-ZW ligand aggregated and precipitated
out in methanol, therefore, the solvent could be removed by pipetting. The pellet was washed by
methanol and dried under vacuum. The purified LA-ZW coated hydrophilic QRs was dispersed
in deionized water and stored at 4°C.
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4.2.4 DNA Functionalization and Quantification.
A protection-deprotection strategy10 was utilized for the DNA functionalization of the
QR surface and to ensure the coverage. In a typical experiment, a U-type (TTT TTT TTT TTA
CTC ACC TAT ATC A) single-stranded oligonucleotides (ssDNA)26 that was modified with six
5’-phosphorothioate bases26 was first partially hybridized with two short complementary strands,
U’1 (GTG AGT A) and U’2 (TGA TAT AG) with 100 mM NaCl in 10 mM tris-acetate buffer at
4 °C. Then this U-DNA pool was incubated with red-colored QR at a ratio of 100:1, salt-aging
was performed from 60 mM to 100 mM over three hours and the incubation time can go up to 60
hours.34 Next, the dsDNA-coated QR was purified by ultracentrifugation at 4 °C, 30,000 g for 40
minutes with 50 mM NaCl, the ultracentrifugation process was repeated at 25 °C with 5 µL polyA DNA solution added. The final QR pellet was re-suspended in tris-acetate buffer. In the case
of T-type DNA, the DNA pool is consisting of T-ssDNA (TTT TTT TTT TTC ACG ACA CAC
TTT G) and two short strands of T’1 (GTC GTG A) and T’2 (CAA AGT GT). The T-DNA pool
was incubated with orange-colored QR with all the other conditions same as the red-colored QR.

For the quantification of the ssDNA coverage on QR surface, a fluorescently labeled Cy3
ssDNA containing complementary sequence to the QR-attached DNA was used.34,35 In the case
of the U-type DNA functionalization, U’-Cy3 ssDNA (Cy3-TGA TAT AGG TGA GTA) was
hybridized overnight at room temperature with U-ssDNA-coated QR at a ratio of 50:1 with
100mM NaCl in 10mM tris-acetate buffer. A control tube with the same U’-Cy3 ssDNA
concentration but no QR added was prepared under identical conditions. Ultracentrifugation of
the two solutions was conducted at 4°C, 130,000g for 1h. The UV-Vis absorption and
photoluminescence emission spectra of the resulted supernatants were collected and compared.
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The supernatant from the control tube was also used for serial dilution to establish a calibration
curve by adding 50µL TA buffer each time. Therefore, the percentage of QR-bound Cy3 and the
DNA coverage per rod could be calculated.

4.2.5 Instrumentation
UV-Visible (UV-Vis) Absorption and Photoluminescence (PL) Emission Spectroscopy. See
Section 2.2.3

Nuclear Magnetic Resonance (NMR). The Nuclear Magnetic Resonance (NMR) experiments
were performed on a Bruker AVANCE III HD 400 MHz NMR spectrometer. The instrument is
equipped with a broadband CryoProbe ProdigyTM with z-axis pulsed field gradient and maximum
gradient strength of 0.48 T⋅m-1. The samples were prepared by first dried under argon, then redispersed in DMSO-d6 or deuterium oxide (D2O) as needed.

Fourier Transform Infrared Spectroscopy (FTIR). FTIR measurements were collected on a
Thermo Nicolet 6700 FTIR instrument equipped with a diamond smart iTR attenuated internal
reflectance accessory, and a liquid nitrogen cooled MCT-A detector. Samples were drop cast as
neat solution or dried powders. Water subtraction was subsequently performed for samples from
aqueous media.

Ultracentrifugation (UC). The ultracentrifugation measurements were performed on a Beckman
Coulter Optima Max XP Ultracentrifuge at 20,000g for 25 min at 4 °C. In a typical experiment,
an ultracentrifuge tube was loaded with 400-500 µL solution.
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4.3 Results and Discussion
4.3.1 Chemical Structure of LA-ZW Ligand

Figure 4.1. 1H NMR spectra of (a) product 1: LA-N,N-dimethyl-1,3-propanediamine and (b)
product 2: lipoic acid-zwitterion.
To achieve the phase transfer of nanocrystals, the capping ligand lipoic acid-zwitterion
(LA-ZW) molecule has one lipoic acid moiety as the anchor group for coordinating onto the
quantum rod surface, and a sulfobetaine-based zwitterion group to increase the solubility in
buffers. There are two steps for the synthesis of this ligand.21,22 LA-N,N-dimethyl 1,3propanediamine is product 1 and was produced by attaching N, N-dimethyl 1,3-propanediamine
onto the lipoic acid. This product was in the form of a yellow oil after the purification. Its
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chemical structure was analyzed by dissolving the product in DMSO-d6 solvent and run on NMR.
Figure 4.1 (a) shows the 1H NMR spectrum. DMSO-d6 quintet solvent peak is at 2.51 ppm. Peak
from water residue in DMSO-d6 is at 3.45 ppm. And peak from residual reactant Et3N is at 2.08
ppm. All other peaks on spectrum are from LA-N,N-dimethyl 1,3-propanediamine product and
can be assigned as follows: q (p.p.m.) 3.55-3.62 (m, 1H), 3.13-3.17 (m, 2H), 3.00-3.05 (m, 2H),
2.35-2.45 (m, 1H), 2.18 (t, 2H), 2.10 (s, 6H), 2.04 (t, 2H), 1.65-1.90 (m, 1H), 1.63-1.70 (m, 1H),
1.47-1.58 (m, 5H), 1.31-1.40 (m,2H).

Figure 4.1 (b) shows the 1H NMR spectrum of the final product lipoic acid-zwitterion. To
synthesize it, LA-N,N-dimethyl 1,3-propanediamine from step-one was mixed with 1,3propanesultone, producing a molecule with lipoic acid at one end and a zwitterion group at the
other end. The product was purified and yielded a brown paste. The NMR sample was prepared
by dissolving the paste in deuterium oxide (D2O). D2O solvent peak appears at 4.7 ppm. Several
impurity peaks are from the residual reactant 1,3-propanesultone, like the triplets at 4.53 ppm
and 3.39 ppm. Another characteristic multiplet of 1,3-propanesultone is at around 2.3 ppm
overlapping with the peaks from product. The remaining peaks can be assigned for the product as
follows: q (p.p.m.) 3.60-3.66 (m, 1H), 3.41-3.45 (m, 2H), 3.28-3.32 (m, 2H), 3.22-3.24 (m, 2H),
3.10-3.18 (m, 2H), 3.04 (s, 6H), 2.91 (t, 2H), 2.40-2.46 (m, 1H), 2.20 (t, 2H), 2.14-2.18 (m, 2H),
1.90-1.99 (m, 2H), 1.68-1.73 (m, 1H), 1.5-1.68 (m, 4H), 1.32-1.40 (m,2H).

4.3.2 Optical Properties of the ZW/DNA Co-functionalized QRs
A photo-ligation strategy was utilized to promote the phase transfer of QRs from organic
solvents to buffer solutions. Figure 4.2 shows the optical images taken under UV light for the
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reaction mixture over the process. A heterogeneous mixture was prepared with QRs in the nonpolar solvent of hexane, and LA-ZW ligand in the polar solvent of methanol. Upon UV
irradiation, the dithiolane ring in lipoic acid was reduced to DHLA and coordinated the LA-ZW
ligand onto QRs surface, yielding the QRs with a hydrophilic coating layer and forming a
homogeneous solution when dispersed in water.

Figure 4.2. Fluorescence images of red-colored CdSe/CdS QR(652) (top) and orange-colored
CdSe/CdS QR(618) (bottom) before photo-ligation (only in top layer of organic solvent toluene),
after photo-ligation (precipitated out at the bottom of hexane-methanol two-phase solution) and
after dissolved in aqueous media (homogeneous solution).
Figure 4.3 shows the Fourier transform infrared spectra for the phosphonic acid
(PA)/TOPO-coated hydrophobic QR36–38 and the ZW-coated hydrophilic QR. For the
hydrophobic QR, both kinds of the capping ligands, PA and TOPO, have long alkyl chain and
are terminated with methyl groups. The prominent bands in the 2950 - 2800 cm-1 region
correspond well to the -CH2 and -CH3 stretching on these ligands, while the peaks at around
1400 cm-1 correspond to the C-H bending of the alkyl groups. Upon the photo-mediated ligand
exchange, the intensity of the bands in those two regions have drastically decreased, indicating
that the native PA/TOPO had been taken place by the incoming LA-zwitterion ligands. There are
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two bands reflecting the S=O stretching and C-N stretching in the 1230 - 1000 cm-1 region as
signatures of the LA-ZW structure, which also show up on the spectra of the LA-ZW capped
QRs. Therefore, several characteristics in the FTIR spectra of the hydrophilic QR confirmed the
LA-ZW coating and the effectiveness of the photo-ligation strategy.

Figure 4.3. FTIR results at the low and high regions characterizing the ligand coating for the assynthesized hydrophobic QR (red) and phase transferred hydrophilic QR (purple) with the pure
LA-ZW ligand as a reference (blue). Water subtraction was performed for the latter two samples.
To functionalize the ZW-coated QR surface with ssDNA and to ensure abundant DNA
coverage, a protection-deprotection strategy10 was adapted. For the two colors of QR we have,
two types of DNA pool with different nucleotide sequences were used: U-type DNA was used
for the red-colored QR(652) and T-type DNA was used for the orange-colored QR(618). For
each type of the DNA strands, a long ssDNA with 25 bases was first partially hybridized with
two short complementary strands of 7-8 bases. Then QR was incubated with the specific DNA
pool in a salt-aging process to ensure DNA coverage.30 The dsDNA-coated QR was subsequently
denatured by raising the temperature and the free ssDNA was separated out via
ultracentrifugation. Compared to the traditional direct ssDNA functionalization method, this
protection-deprotection approach utilized the programmable rigidity and denaturation
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temperature of the DNA double-helix, which reduced the non-specific DNA interactions and
possible wrapping on the QR surface.39

Figure 4.4. Normalized (a) UV-Vis absorption and (b) photoluminescence (PL) emission spectra
of the hydrophobic (solid lines), hydrophilic with ZW-coating (dotted lines) and ZW/DNA cofunctionalized (dashed lines) red- and orange-colored QRs. (c) PL anisotropy spectra showing
the non-linear excitation-dependent polarized emission of both colors of QRs.
Figure 4.4 shows the absorption and photoluminescence (PL) emission spectra of QRs
over the functionalization process. It can be observed that, for both colors of QRs, spectra of the
hydrophilic rods with either the ZW-coating or both the ZW and ssDNA functionalization have
little to no change compared to the hydrophobic QRs. Figure 4.4 (c) shows the PL anisotropy
spectra of the hydrophilic QRs, which reveals pronounced excitation-dependent polarization
properties. Therefore, we can conclude that, over the phase transfer process, QRs have had their
optical properties well-preserved.

4.3.3 Colloidal Stability
In the histidine-mediated phase transfer approach, although the coordination of the aamino group and N(2) of the imidazole ring onto the nanocrystal surface can provide compact
water-soluble QRs with the optical properties well preserved, the histidine-coated QRs still have
limited long-term stability in the presence of high electrolyte concentrations or over a broad
range of pH values. Owing to the zwitterionic structure, the LA-ZW-coated QRs have much
improved colloidal stability against higher ionic strengths.32
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Figure 4.5. Fluorescence images of ZW-coated orange-colored CdSe/CdS QR in DI water over
different periods of time. The image on top was taken right after the addition of NaCl. For each
panel, the excess NaCl concentrations from left to right are: 0 M, 100mM, 300mM, 500mM and
1M.
Figure 4.5 shows the result of the salt stability test for orange-colored QR. The test was
carried out by dispersing LA-ZW capped CdSe/CdS QRs in deionized water with the presence of
different concentrations of NaCl ranging from 100mM to 1M. By observing the preservation of
the QR fluorescent properties over time, it is expected that the hydrophilic QR dispersions with
salt concentration less than 500mM can stay homogeneous for longer than a week, which is
already at a much higher tolerance degree and longer time than the histidine-coated rods. Since
moderately higher concentration of electrolyte is beneficial for the DNA interactions, the result
of this test will be able to help us to adjust the salt concentration for the DNA functionalization
process of QRs and the next-step assembly with DNA origami.

4.3.4 Quantification of DNA Surface Coverage
Compared to the traditional direct ssDNA functionalization method, the protectiondeprotection approach can potentially reduce the non-specific DNA interactions on the QR
surface.39 Therefore, when quantified by hybridizing with Cy3-modified complementary strands,
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the resulting DNA coverage showed an increase with higher ssDNA number per surface area on
the QR.10,34

Figure 4.6. Comparison of the absorption (a) and emission (b) spectra of the supernatant
collected after ultracentrifugation, one tube contains U-type ssDNA-coated QR for U’-Cy3
ssDNA to hybridize, the control tube has only the U’-Cy3 ssDNA. Inset in (b) shows the lowintensity peak at 563nm from free Cy3 in the QR tube. (c) A calibration curve was established by
serial dilution to set up a standard function between the U’-Cy3 PL intensity and concentration.
Figure 4.6 shows the UV-Vis absorption and PL emission spectra, as well as the
calibration curve for Cy3-DNA quantification measurements of the U-DNA/histidine-coated QR.
As introduced in Section 4.2.4, the active ssDNA on QR was hybridized with Cy3-modified
complementary DNA strands, which is denoted as U’-Cy3 ssDNA. The double-stranded DNAcoated QR was separated from the un-hybridized free U’-Cy3 ssDNA by ultracentrifugation,
therefore, the absorbance and PL intensity of the supernatant can be used as indicators for the
DNA coverage on QR when compared to a control U’-Cy3 ssDNA sample. A calibration curve
was established as shown in figure 4.6 (c) with a function of y = 1.5293x – 0.0643, where y
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represents the PL intensity after standard normalization, and x represents Cy3 concentration
extracted from the absorption spectra.

The CdSe/CdS QR used in this measurement has relatively large dimensions, with an
aspect ratio of l/w = 7.9 ± 2.7 (l = 75.5 ± 23.5 nm, w = 9.8 ± 1.7 nm). The measurement result led
to a calculated ssDNA coverage value of about 58 U-type DNA per QR, which yielded the
footprint area of around 40 nm2 per DNA on the QR surface. Even though this value seems large
compared to the DNA-capped gold nanoparticle system,34,40 it correlates well with the reported
value of 17 ± 6 ssDNA per QR for shorter and smaller rods10 considering the weaker strength of
the Cd-S bonds than the Au-S bonds,13,26 and also the larger dimension of QR used here.
Therefore, the Cy3 quantification results confirms the utility of the protection-deprotection
strategy and indicates decent DNA functionalization yield.

4.3.5 Improving the Quantum Yield of the Co-functionalized QRs
We have observed that, for all the ZW-coated rods we tested, a quantum yield loss of
over 50% occurred after the dispersion in water compared to the original organic environment,
which is higher than the reported value of 40-50%.21,22 Here, we tuned several parameters from
the current LA-ZW synthesis and photo-ligation protocol, such as the solvent and temperature
control during purification steps, the UV irradiation time, the ligands versus QR ratio, all to
improve the QY of the ZW- and ZW/DNA- co-functionalized QRs.

100

Figure 4.7. (a) 1H NMR spectrum of the lipoic acid-zwitterion ligand and its peak assignments
from the updated synthesis protocol. (b) Normalized UV-Vis absorption (dotted line), PL
emission (solid line) and (c) corresponding PL anisotropy spectra of the hydrophobic,
hydrophilic with ZW-coating and U-DNA/ZW co-functionalized red-colored QR(663). Optical
images of ZW-functionalized QRs (d, from left to right: ZW-QR(652), ZW-QR(660) and ZWQR(618)) and DNA/ZW-functionalized QRs (e, from left to right: U/ZW-QR(652), U/ZWQR(660), T/ZW-QR(618) and U/ZW-QR(618))
Figure 4.7 (a) shows the chemical structure and the 1H NMR spectrum of the synthesized
multi-coordinating ligand from the updated synthesis and purification protocol. Compared to the
previous batches, the newly obtained LA-ZW molecules have higher purity owing to a smaller
batch synthesis and lower water bath temperature in the purification process. To achieve the
phase transfer of QRs, the similar two-phase mixture was prepared but with increased molar ratio
of ZW ligand to QR and decreased amount of TMAH base addition. The UV light irradiation
time was also decreased to reduce the photo-bleaching effect on QR. A homogeneous water
suspension was collected after the phase transfer process. And same to our previous studies, the
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protection-deprotection strategy was utilized to functionalize the rods with ssDNA. Two types of
DNA pool with different nucleotide sequences were used: U-type DNA for the red-colored QRs
while T-type for the orange-colored QRs. The final QR pellet was suspended in tris-acetate
buffer with observed colloidal stability and spectroscopic properties well maintained.

Red-color emitting CdSe/CdS QR(663) was used for the surface-functionalization with
the new batch of ZW ligand. Figure 4.7 (b) shows the UV-Visible absorption spectra and PL
emission spectra of the QR with different ligand environments. No obvious peak position shift or
peak shape change was observed from the hydrophobic suspension before the ligand exchange,
to the water dispersion with only the ZW-coating, and the ZW/DNA co-functionalized ones in
buffer solution. Figure 4.7 (c) shows the PL anisotropy spectra of this red-colored QR in
different ligand environments, addressing the linearly polarized emission properties of the rodin-rod microstructure, which ensured its potential for energy transfer applications. Figure 4.7 (d)
and (e) show the optical images taken under UV light of the new hydrophilic QR comparing to
previous batches, both the ZW-functionalized and U-DNA/ZW-functionalized rods look brighter
than the red QR(652) formerly used for the assembly with DNA origami, and comparable to the
high-QY orange QR(618). This result indicates the well preservation of the spectroscopic
properties of QRs over the functionalization process, and hopefully can help to increase the PL
intensity and accuracy for the follow-up energy transfer measurements.

4.4 Conclusions
In conclusion, the synthesis of a lipoic acid-zwitterion ligand and its modification on
quantum rod surface, the DNA functionalization and surface coverage quantification, and the
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investigation on the optical and colloidal stabilities of the surface-functionalized hydrophilic
quantum rods were discussed in this chapter. In order to improve the colloidal stability of QRs in
aqueous solutions, bi-functional lipoic acid-appended zwitterion ligands were synthesized, and
the structure was confirmed by 1H NMR. The hydrophobic QRs were phase transferred to
hydrophilic ones by photo-ligated with the LA-ZW ligands. Optical and colloidal stabilities
measurements on the resulted QRs suggest that, the photo-ligation strategy is promising for
preserving the optoelectronic properties and also yielding good colloidal stabilities in aqueous
media. Several parameters were carefully tuned to increase the quantum yield of lipoic acidzwitterion ligand capped QR system, but more quantified data on its colloidal stability against
high electrolyte concentrations and details on the ssDNA coverage still worth investigating in the
future.
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Chapter 5
Design and Assembly of DNA Origami

In this chapter, I will describe my work on developing DNA origami as a programmable
building block for next-step assembly with various nanomaterials, especially quantum rods. The
rationales for the design of the origami substrate and the capture strand arrays, the assembly of
the origami, as well as the exploration on different purification approaches will be discussed.
Based on the characterization results obtained from gel electrophoresis, AFM imaging and
mechanical property simulations, an updated design on the origami lattice structure with higher
degree of rigidity will also be tested and evaluated.

5.1 Introduction
One important mission in the field of nanotechnology is to develop strategies to precisely
organize and control different functional materials. And the increasing implementations of DNA
as a programmable building block have provided a powerful tool for more complexed nanoscale
assemblies.1,2 The idea of taking the advantages of the self-recognition properties of DNA to
develop rigid branched DNA motifs was first proposed by Seeman in 1980s,3,4 now termed as
“structural DNA nanotechnology”.5–8 And studies on the intricate self-assembled DNA
nanostructures dramatically increased after the idea of “DNA origami” was introduced by
Rothemund in 2006.9,10

Similar to the art of origami by transforming a piece of flat paper into an arbitrary shape
through folding, DNA origami is formed by a long single-stranded DNA containing thousands of
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bases, denoted as the main strand or scaffold strand, folded into pre-designed shapes by hundreds
of short oligonucleotides, referred as staple strands.7,10,11 Each of the staple strands contains
certain base pair sequences that can only bind at certain positions along the scaffold strand.
Therefore, the staple strands can precisely determine the shape and scale of the final
structure.9,12,13 DNA origami offers many significant advantages: a relatively rigid scaffold to
organize different components, a framework with various geometrical complexity as needed, and
the control over the assembly stoichiometry, distance and orientation.10,13,14 Promising as a
perfect platform for the construction of DNA-based architectures, DNA origami has successfully
assembled a variety of functional nanomaterials like plasmonic nanoparticles,15–20 semiconductor
nanocrystals,21–26 carbon nanotubes27,28 and proteins.29–31 Further applications include
biosensors,32–34 drug delivery carriers,35–37 nanoscopic rulers,38 molecular robotics39–44 and so on.

As introduced in Section 1.1.2, the process of designing and assembling DNA origami
can be summarized into several steps. The design of the arbitrary patterns is achieved on the
interface of caDNAno software,45 where the oligonucleotide sequence and length of the staple
strands are determined as the shape and the functionality needed. The self-assembly process of
the DNA origami is carried out as a one-pot reaction mixture containing the scaffold strand and
staple strands in a salted buffer solution. The mixture is slowly annealed over hours with welldefined temperature intervals. In the original Rothemund protocol,9 the mixture is heated to 90°C
and then slowly cooled down to room temperature in about 22 hours. The reaction yield highly
depends on the complexity of the structure and the experimental conditions.46 Another method
reported by Dietz47,48 uses an isothermal approach to obtain nearly uniform origami products
with different numbers of helix bundles. The starting temperature is lower at 60°C and the
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ramping time is longer as a few days. But even following an optimized reaction protocol, the
heterogeneity of the product is unavoidable,11 where excess staple strands, misfolded structures,
partially folded structures and aggregations can be obtained together with the target product.
Therefore, it’s crucial to go through some purification procedures to separate out the undesired
structures and to enrich the origami product. Several commonly used purification techniques
include polyethylene glycol (PEG)-induced precipitation, gel extraction, ultrafiltration using
low-molecular weight cut-off filters, ultracentrifugation and size-exclusion chromatography
(SEC).11,49 Each method has its own advantages and limitations, so employing a few of them
consecutively may help to increase the purity at the cost of lowering the overall yield.

Another aspect to consider for the design of an origami structure is the resulted
mechanical properties, especially when using for the construction of hybrid nanostructures. As
revealed by several simulations and experimental results, the single-layered origami design has a
high degree of conformational flexibility.26,50–52 This drawback on rigidity can greatly decrease
the control over the assembly and limit the applicational usages. Therefore, multi-layered design
where DNA helices are packed in hexagonal, triangular or square lattices have been developed
and overcome the problem with flexibility.12,53,54

In a previously-reported study,26 our group designed a rectangular shaped origami with
one duplex depth. The DNA-mediated self-assembly of CdSe/CdS quantum rods onto this DNA
origami was investigated. The assembly was programmable as the QRs were oriented parallel to
each other as the origami capture strands designated. The incorporation of QR with DNA
origami can lead to the studies of orientation-dependent QR Förster resonance energy transfer
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(FRET).55–57 The orientation and distance between rods, as well as the quantum yield of QRs,
can greatly affect FRET efficiency.58,59 Therefore, in order to have a better control on the
programmable assembly of QRs on DNA origami with designed alignment, and to improve the
optical interactions between the assembled QR, work described in this chapter continues on
exploring different capture strand design for higher assembly yield, and employing different
purification approaches for higher origami product purity. Characterization results from gel
electrophoresis, AFM imaging and software simulation for mechanical properties will be
discussed. Moreover, an updated design on the origami lattice structure with higher degree of
rigidity will be tested and evaluated.

5.2 Experimental
5.2.1 Materials
Single stranded DNA was purchased from Integrated DNA Technologies. M13mp18 was
purchased from New England Biolabs. L-histidine (His, >99.8%), tris acetate, magnesium
chloride, ethylenediaminetetracetic acid (EDTA), toluene ( ≥ 99.5%), methanol ( ≥ 99.8%),
acetone (≥99.5%), 10x TAE buffer, 10x TBE buffer, rhodamine 6G, cadmium oxide (CdO,
≥99.9%), sulfur (S, reagent grade, 100 mesh), 1-octadecene (ODE, 90%), trioctylphosphine
oxide (TOPO, 90%), trioctylphosphine (TOP, 97%) and tri-n-butylphosphine (TBP, 97%) were
purchased from Sigma Aldrich. Selenium (Se, 99.99%, 200 mesh) and dichloromethane
(>99.5%) were purchased from Alfa Aesar. Sodium carbonate, octadecylphosphonic acid
(ODPA, 98%), n-decylphosphonic acid (DPA, 97%), hexylphosphonic acid (HPA, 98%) and
methylphosphonic acid (MPA, 98%) were purchased from Strem Chemicals. Sodium hydroxide,
sodium chloride, magnesium sulfate and chloroform were purchased from Fisher Scienctific.
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GelSafe Green was purchased from VWR.

Gel Electrophoresis. The QR-Origami conjugates were purified via agarose gel electrophoresis.
A 0.5% agarose gel (w/w) was prepared by dissolving 0.25g agarose in 50mL 0.5x TBE buffer
solution, subsequently heated in microwave, poured in a VWR Mini-cast gel system and cooled
down for one hour. Then the gel was immersed in 0.5x TBE buffer, loaded with 20µL sample
containing 5µL glycerol in each well (origami was dyed with GelSafe Green), and run on ice
water bucket for 20-60 minutes with a constant voltage of 80V. In some experiments, a 0.75%
agarose gel (w/w) was prepared by dissolving agarose in 1x TAE buffer solution and immersed
in 1x TAE buffer with all the other conditions the same.

5.2.2 Instrumentation
UV-Visible spectrophotometry (UV-Vis) and Fluorescence Spectroscopy. See Section 2.2.3

Atomic Force Microscopy (AFM). AFM imaging was performed on Bruker Innova AFM
instrument using tapping mode with silicon noncontact cantilever probes (MikroMasch,
HG:NSC14 Al BS) that has a typical resonance frequency of ~160 Hz. Imaging was performed
on mica substrates (Ted Pella) that were freshly cleaved and pre-soaked with 35 µL of 125mM
magnesium acetate for 20 minutes before being rinsed three times with 20 µL of 10mM tris
acetate (TA) buffer. In most cases, 10 µL sample solution was added to the surface and diluted
with 25 µL TA buffer. The solution was allowed to sit for 15 minutes and wicked away with
filter paper. Then another 10 µL TA buffer was spread on the substrate, sat for 15 minutes, and
dried with filter paper and argon stream for > 90s and ready for imaging.
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5.3 Rationales for the DNA Origami Design

Figure 5.1. (a) Schematic illustrations of DNA origami with dimensions labeled from top and
side, and potential capture strands positions highlighted by small hollow circles in zone A and B.
(b) Detailed scheme from caDNAno software of DNA hybridization between M13mp18 scaffold
strand and 212 staple strands.26 Images reproduced with permission from Nanoscale. Copyright
2015 The Royal Society of Chemistry.

Figure 5.1 shows the design of the rectangular shaped origami with single-duplex depth.
The origami plank dimensions are approximately 150nm×50nm×2nm. The design was based on
M13mp18 circular single-stranded DNA as the scaffold strand. 7168 of the total 7249 bases from
the M13mp18 DNA was used. With the aid of the caDNAno software,45 212 staple strands were
programmed to fold this rectangular structure. The average length of the staple strands is about
32 bases, which should be sufficient to connect the helices between the crossovers, but not too
long to complicate the assembly process. The entire rectangular plank can be divided into five
zones, two of which are QR binding zones (denoted as zone A and B) with pre-designed ssDNA
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strands extended from the origami surface to hybridize with the ssDNA on QRs. As shown from
the highlighted positions in figure 5.1 (a), capture strands can be designed in certain angles and
amounts as needed. In previous work,26 capture strands were designed as a 1×6 array in each
capture zone to assemble QR in a parallel orientation, which is perpendicular to the long axis of
origami substrate. In our new design, capture strands are programmed in a 3×2 array in each
capture zone to conjugate with QR. The arrays in each zone can be oriented as aligned,
perpendicular, or parallel to one another, mapping out three kinds of rod orientations for the
assembly. The new arrangement of the capture strands arrays can lead to an improvement on the
orientation specificity and to promote the QR-origami assembly yield, since now the rods are
able to incorporate with origami not only with one single row of capture strands, but also from
the sides of rods as they can sit in between of the two strand rows.

5.4 Assembly and Purification of DNA Origami
DNA Origami Assembly. The assembly of the DNA origami was achieved following the
original Rothemund protocol.9 To assemble the designed origami, first, staple strands stock
solutions were prepared. Aiming for different capture strands orientations, original staple strands
at designated positions were replaced with modified capture strands, 0.6 µL of each of the
chosen 212 strands was mixed and diluted to 1060 µL. In a typical experiment, 15 µL M13mp18
circular ssDNA was mixed with 106µL of the specific staple strand solution in a PCR tube. This
mixture contained 40mM tris-acetate, 10 mM magnesium acetate and 1mM EDTA, and the total
volume was about 151 µL. The mixture was heated to 90 °C in a thermal cycler and slowly
cooled down to room temperature in 20-22 hours.
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DNA Origami Purification. The assembled DNA origami was purified by a combination of
PEG purification and low-molecular weight cut-off (MWCO) filtration.48,60,61 For the PEGinduced purification, a 15% PEG 10,000 solution with 5mM tris-acetate, 1mM EDTA and
500mM NaCl was mixed 1:1 with the assembly product and centrifuged. The origami pellet was
re-suspended in 12mM magnesium acetate solution. Then this suspension was filtered through a
30kDa MWCO filter to further remove PEG and origami aggregates.

Determination of Origami Concentration. 5 µL purified origami was first diluted to 200 µL
with 10mM tris-acetate buffer. To determine the origami concentration by serial addition, 1µL of
the known 52.5nM M13mp18 ssDNA solution was added to the origami solution and the
absorption spectra was measured, the addition was repeated three more times to create a
calibration curve where the original origami solution concentration was extracted.

5.5 Results and Discussion
5.5.1 Comparison of Different Purification Approaches
In our early experiments, the assembled origami was purified only with PEG-induced
precipitation technique. To check the effectiveness of the protocol for origami assembly and the
purification of excess DNA strands, we collected the supernatant after the centrifugation and ran
it in agarose gel together with the re-suspended origami solution. Figure 5.2 (a) shows the gel
electrophoresis result under different running time where DNA were dyed with GelSafe green to
be visible under UV light. We can observe that, bands from the supernatant solution have much
higher mobility and lower intensity than the bands from the origami solution, suggesting that we
have successfully assembled some rigid DNA origami structures, and the PEG purification
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method can help to separate out the unassembled ssDNA. But as the running time increased, a
band with slightly lower mobility than the intense origami band emerged, indicating some
aggregated structures with larger hydrodynamic diameters were also present in the solution after
the purification.

Figure 5.2. (a) Gel electrophoresis result of the DNA origami concentrate and the supernatant
after the PEG-induced precipitation and centrifugation with the running time of 20 minutes (left)
and 60 minutes (right). (b) AFM height and phase images of the origami sample after PEG
purification.
AFM images of the origami solution in figure 5.2 (b) supported the observation from the
gel result. A lot of small rectangular origami planks can be observed in both the phase and height
images, confirming the assembly of the designed origami structure. But many irregular shaped
structures were also found on the images, some with higher contrasts, indicating the harder
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features from inorganic salts, probably the magnesium salt from the buffer solution. Others have
same features to the assembled origami in the height image, suggesting similar chemical
compositions to the DNA origami. These structures are highly possible to be the agglomeration
of origami planks, which may be related to the interactions with large PEG molecules during the
centrifugation process. Therefore, we needed to further clean the product solution to obtain
origami monomer with higher purity.

Figure 5.3. (a) Representative AFM images of origami deposited on mica after both PEG
purification and MWCO filtration. (b) Cross-section analysis for the pure origami.
To solve the agglomeration issue and to obtain origami solution with higher purity, we
adopted the method of combining the PEG centrifugation with the low-molecular weight cut-off
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(MWCO) filtration.48 Figure 5.3 shows the AFM height images of the origami sample cast on
freshly-cleaved mica substrate after both the PEG and MWCO purification. The imaged area
looks much cleaner than previous samples, where high population of rectangular origami can be
observed. Some small features on the mica surface were from excess staple strands or incomplete
assemblies. Figure 5.3 (b) shows representative cross-section analysis for origami, which was in
good correlation to the designed dimension of 150nm×50nm×2nm. The slight off on the height
data is probably related to the height of scanning background and the measuring precision of the
tip when reaching the nanostructure edges.

Moreover, to determine the concentration of DNA origami, we used a serial dilution
method to create a calibration curve by adding known concentration of M13mp18 ssDNA
solution to the origami solution and measuring the corresponding absorbance spectra. The
calculated concentration of the origami solution after the PEG purification was 9.25nM, and the
concentration after further MWCO filtration was 3.95nM. Since the origami assembly started
from a 15µL of 52.5nM M13mp18 solution, and purified product was each suspended in 50µL
magnesium acetate buffer solution, if the origami assembly yield were 100%, the ideal
concentration would be around 15.8nM. Therefore, after the assembly, the final yield each step
of the purification was 61.7% and 26.3%, respectively. Even though the number was low after
the two-step purification, in order to use pure origami monomers for the next-step assembly with
quantum rods, this protocol was carried out in our future experiments.
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5.5.2 Assembly Yield with Different Capture Strand Arrays
To test the assembly yield with the new capture strand design, where a 3×2 array is
placed in each capture zone and are aligned with each other. Agarose gel electrophoresis and
AFM imaging were used to characterize the assembly with histidine/DNA-functionalized QR. In
this proof-of-concept experiment, red-colored CdSe/CdS QR functionalized histidine and U-type
DNA with an aspect ratio of l/w = 7.9 ± 2.7 (l = 75.5 ± 23.5 nm, w = 9.8 ± 1.7 nm) was used to
assemble only in zone A of the rectangular origami. Figure 5.4 (a) shows the gel result, where
origami in the first two lanes were dyed with GelSafe Green. In the middle lane, a rigid band
with orange color, slight lower mobility than the pure origami band, and much lower mobility
than the free QR band can be observed. The color combination of red and green, and the larger
hydrodynamic diameter indicate that, this band came from the assembly between DNA origami
and QR, therefore proving the functionality of the new capture strand design. It’s also worth
noticing that in the middle lane, there’s a red-colored band with similar mobility to the pure
origami. Since the tint of green color is not observable in this band, we can conclude that this
band was not from the QR assembled onto origami, but probably some small QR aggregations
induced by free DNA strands.
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Figure 5.4. (a) Gel electrophoresis result of the stained pure origami (left lane), the QR-origami
assembly conjugates (middle lane), and histidine/DNA-functionalized QR (right lane). (b)
Representative AFM height images of the QR-origami assembly. (c) Cross-section analysis of
the mono-functionalized origami from (b, arrowed). (d) Statistical analysis of assembled rods as
a function of angle relative to the long axis of origami, where a high percentage of rod has the
angle smaller than 30°.
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To further check the orientation specificity of the capture strand arrays, morphologies of
the QR-origami assembly conjugates were revealed by AFM imaging. Figure 5.4 (b) shows the
representative AFM height images of the mono-functionalized origami structures. The higher
contrast features on the rectangular planks were the QR assembled origami, which were placed
parallel to the long axis of the rectangle as expected. Figure 5.4 (c) is the cross-section analysis
of the arrowed structure in (b). The measured height of the origami platform is around 2.5 nm,
and the raised features is about 9.5 nm, these values correlate well with the width of the
histidine/DNA-functionalized QR considering the length added from DNA helix and the tip
precision at edges. Lastly, figure 5.4 (d) is a statistical analysis result measuring the relative
angle of the QR to the origami long axis. Among the assembly conjugates measured, more than
70% of the QR had the angle smaller than 30°. This number fitted well with the expectation of
our 3×2 capture strand array design, where the QR should line up with the length of the
rectangle origami. In the previously-reported 1×6 array design, the counted corrected assembled
percentage was 48%.26 Therefore, the new two-row strand pattern should be able to help
improving the angle specificity for future energy transfer applications.

5.5.3 Improvements on the Lattice Rigidity
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Figure 5.5. Simulation result of origami mechanical properties by CanDo software analysis,
which reveals significant bending of (a) the rectangular origami design26 compared with (b) the
stiff hexagonal lattice structure design. Images reproduced with permission from Nanoscale.
Copyright 2015 The Royal Society of Chemistry.
One aspect that can greatly impact the assembly stoichiometry between DNA origami
and QRs is the relative rigidity of origami as the building block. AFM and TEM images on
visualizing the assembled structures have shown some folded or twisted origami.26 To address
this issue, a design with improved rigidity along the depth of the structure was implemented.
While the rectangular design has the depth of only one helix, the new design has the depth of a
hexagon bundle, where the DNA helices form a tightly intertwined hexagonal lattice.12,62,63 This
design still has two assembly zones that the capture strands can be incorporated into different
patterns. Moreover, the distance between these two zones were largely decreased, which would
sufficiently shorten the distance between the nanomaterials assembled on the two zones. The end
zones were also trimmed to reduce the unnecessary interactions and cross-linking between
origami planks. Figure 5.5 shows the simulation result for the mechanical properties of these two
origami designs using CanDo software.50 While the red color represents higher degree of the
floppiness in the certain parts, the rectangular design was revealed to be much more flexible than
the hexagonal one. This flexibility may limit the interactions between the ssDNA on QR and the
capture strands on the origami assembly zones, therefore decrease the assembly yield.
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Figure 5.6. Gel electrophoresis result of DNA origami with different lattice structures and
capture stranded conditions after the PEG purification with a running time of 15 minutes (top)
and 30 minutes (bottom). Lanes from left to right: (1) Single-layered square lattice with no
capture strands incorporated, (2) hexagonal lattice with no capture strands, (3) hexagonal lattice
with aligned capture strand arrays and (4) square lattice with aligned arrays.
Since the new design is a more complexed three-dimensional structures, to decrease the
probability of assembling misfolded structures due to the formation of kinetic or topological
traps during the annealing process,12 another assembly protocol reported by Dietz47,48,64 was used
instead of the original one from Rothemund. This protocol used an isothermal approach. The
starting temperature was 60°C and the ramping time was about 72 hours with the rate of 3
hours/°C. The assembly solution was purified with PEG precipitation. The concentration of the
purified origami was determined by absorbance measurement and yielded 8.9nM. Figure 5.6
shows the agarose gel electrophoresis result where origami with different lattice rigidity and
capture stranded conditions were characterized. The left two lanes were blank origami with no

122

capture strand incorporated, the assembly solutions contained only the M13mp18 scaffold strand
and the staple strands to form the designed structure. The right two lanes were origami with 3×2
capture strand arrays designed to be aligned along the long axis of each shape. The rigid band
observed in all lanes confirmed the successful assembly of different structures. The slightly
lower mobility of the hexagonal lattice structure implied higher averaged hydrodynamic
diameter. A better understanding on the source of this feature, whether it was from the structural
aggregation during the assembly, would only be possible after the AFM imaging and the
implementation of MWCO filtration.
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Figure 5.7. Gel electrophoresis result of pure origami with (1) single-layered square lattice, (2)
hexagonal lattice, the QR-origami assembly conjugates with (3) square lattice, (4) hexagonal
lattice, and (5) orange-colored QR after a running time of 15 minutes (top), 30 minutes (middle)
and 45 minutes (bottom).
To explore the assembly between QR and the hexagonal lattice origami, ZW/DNAfunctionalized QR was incubated with the DNA origami of different lattice structures. Both the
origami structures had the aligned capture strand orientation. Figure 5.7 shows a preliminary gel
electrophoresis result of the assembly conjugates, as well as free ZW/DNA-functionalized QRs
and stained pure origami as references for band position. The bands with mobility similar to, or
lower than the pure origami bands (1-2) are the ones of assembled QR-origami, while the bands
with mobility same as free rods (5) are the rods in excess after each assembly. Comparing the
band position in column (1) and (4), a rigid band with slightly lower mobility can be observed in
(4) as the QR-origami conjugates. But if comparing the intensity of the free QR band in column
(3) and (4), for the hexagonal lattice structure, a higher percentage of rods were free in solution
instead of assembled on origami. As the gel running time increased, gel band broadening was
observed for the assembly conjugates, suggesting the formation of complexed structures rather
than the dual-QR-functionalized origami. Therefore, more parameters need to be explored for
using this new origami design for further applications, including the exploration of appropriate
incubation ratio with QR, and more suitable agarose gel running conditions.

5.6 Conclusions
In conclusion, the design, assembly and purification of DNA origami with single-helix
depth square lattice structure, the characterization of the origami using gel electrophoresis, AFM
imaging and mechanical simulations, and a new design of origami with hexagonal lattice
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structure and higher degree of rigidity were discussed in this chapter. The combination of PEG
purification and MWCO filtration successfully improved the purity of origami product. The QR
assembly efficiency with the updated capture strand design was confirmed by AFM imaging,
which suggested a high percentage of correctly oriented mono-functionalized QR-origami
conjugates. Future work will continue on the modification of the hexagonal lattice origami as a
better platform to improve the assembly yield with QR, and to use for potential energy transfer
studies.
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Chapter 6
DNA-mediated Assembly of QR-Origami Conjugates

In this chapter, a DNA-mediated approach to assemble quantum rods (QRs) on a
rectangular DNA origami in different orientations is described. As the optical, electrical and
anisotropic properties of QRs hold promise for energy transfer gains, the width of CdSe core and
length of CdS shell were tailored in the synthesis, producing two CdSe/CdS core/shell QRs of
rod-in-rod microstructure with different emission colors and aspect ratios. QR surface was
functionalized with a zwitterion-modified ligand and single-stranded DNA (ssDNA), which will
help to hybridize with the capture strands on DNA origami to achieve the designated QR-origami
assembly. This assembly was investigated via gel electrophoresis, the morphology of the rods
alignment on origami was characterized utilizing atomic force microscopy (AFM) imaging. The
conjugates were further purified by gradient ultracentrifugation, their optical characteristics were
studied using PL spectroscopy. The results indicated that with the co-functionalization of ZWligand and ssDNA on QR surface, the DNA-mediated QR-origami self-assembly was achieved
with a significant amount of origami functionalized with rods in designated orientations.

6.1 Introduction
Developing strategies to control and organize different functional materials precisely has
always been one of the fundamental visions in nanotechnology studies. The increasing
implementations of DNA as a programmable building block have provided a powerful tool for
sophisticated nanoscale assembly.1–3 DNA origami is formed by a long single DNA strand
containing thousands of base pairs (denoted as main strand or scaffold strand) folded into pre-
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designed arbitrary shapes by hundreds of short oligonucleotides (referred as staple strands).4–6
Each of these staple strands with certain base pair sequences can only bind at certain positions
along the scaffold strand, therefore to precisely determine the size and shape of the final structure.
DNA origami offers many unique advantages: a relative rigid scaffold to organize different
components, a framework with various geometrical complexity, and a control on the assembly
over stoichiometry, distance and orientation.2,7 Promising as a perfect platform for the
construction of DNA-based architectures, DNA origami has been successfully assembled with a
variety of functional nanomaterials like gold nanoparticles,8–13 semiconductor nanocrystals,14–18
and proteins.19–21 State of art applications include molecular robotics,22–26 drug delivery27,28 and
biomedical studies like bioimaging and biosensing.21,29–31

Semiconductor nanocrystals like quantum dots (QD) and quantum rods (QR) have
composition- and size-dependent optoelectronic properties.32 QRs obtain high anisotropic
behaviors derived from their elongated morphology and microstructure.33 Cooperating these
properties into certain patterns may lead to advances in nanoscale lasers,34–36 display37,38 and
energy transfer applications.39–44 Studies have shown that the rod-in-rod structure with high
degree of linearly polarized emission can be crucial for Förster resonance energy transfer (FRET)
and Bioluminescence resonance energy transfer (BRET) appplications.41,43,45,46

Previous work from our group achieved the DNA-mediated self-assembly of CdSe/CdS
quantum rods onto DNA origami,18 the assembly with QRs was programmable as occurred in a
parallel pattern where origami capture strands were aligned. The corporation between QRs and
origami can lead to the studies of orientation-dependent QR FRET.47,48 According to the
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equations for FRET efficiency,49,50 the orientation and distance between rods, as well as the
quantum yield of QRs, will impact the FRET efficiency values. Here in this study, we
investigated two crucial aspects for the optical interactions: one is to develop an assembly system
with QRs conjugated with different angles to the long axis of origami substrate, the resulted
orientation-dependent energy transfer efficiency can help us to evaluate this system for potential
FRET applications; the second is to tailor the QR surface not only hydrophilic to be usable in
aqueous environment for biological implementations,51–54 but also conjugated with single
stranded DNA (ssDNA) for the assembly with origami, as well as preserving the optical
properties over the functionalization process. Previously, we used histidine-mediated phase
transfer route55,56 for QRs to assemble on DNA origami, here, a multi-coordinating ligand
comprising of one lipoic acid (LA) anchor group and a zwitterion (ZW) moiety was synthesized
and the phase transfer of QR was achieved via a photo-ligation strategy,57–59 which overcame the
problem of the limited long-term stability for the histidine-coated QRs with high electrolyte
concentrations.

Figure 6.1. Schematic of the DNA-mediated assembly of ZW/DNA co-functionalized QRs with
DNA origami. In step 1, hydrophobic CdSe/CdS QR(652) and QR(618) are phase transferred to
buffer solutions in the presence of DHLA-ZW ligand. In step 2, the ZW-coated hydrophilic QRs
are functionalized with single stranded DNA (ssDNA) via a protection-deprotection strategy.
The co-functionalized QRs are then incubated with rectangular shape DNA origami of three
different capture strands orientations in step 3.
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Figure 6.1 shows a schematic illustration of the assembly approach. First, CdSe/CdS
quantum rods with two different emission wavelengths and aspect ratios were synthesized and
dispersed in organic solvent. To accommodate the assembly with DNA origami, the surface of
rods needs to be modified to ensure solubility and stability in aqueous solutions. Work from
Mattoussi group57–60 have demonstrated a photo-ligation strategy with multi-coordinating
zwitterion (ZW) ligands to promote the phase transfer of quantum dots. Here, we synthesized a
bifunctional ligand comprising of lipoic acid (LA) and a zwitterion group to increase the water
solubility. The lipoic acid moiety was reduced to dihydrolipoic acid (DHLA) and helped the
ligand to coordinate onto QR surface via an in situ photochemical reaction by UV irradiation,
yielding the QRs with a hydrophilic coating layer. Then in step two, QRs were functionalized
with oligonucleotides utilizing a protection-deprotection method previously proposed by our
group,18 achieving the co-functionalization of QRs surface by zwitterion ligands and ssDNA,
ready to assemble with DNA origami. In order to explore the effect on the QR-origami assembly
with different rod-to-rod orientations and distances, we designed three capture strands
alignments on the rectangular-shaped origami, and assembled each of them with QRs at same
incubation conditions, the assembly results were characterized via agarose gel electrophoresis
and microscopic methods. The assembly conjugates were further purified with sucrose gradient
ultracentrifugation, their optical characteristics were studied by PL spectroscopy and assessed for
FRET applications.

6.2 Experimental
6.2.1 Chemicals and Materials
Single stranded DNA was purchased from Integrated DNA Technologies. M13mp18 was
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purchased from New England Biolabs. Tris acetate, ethylenediaminetetracetic acid (EDTA),
magnesium chloride, toluene (≥99.5%), methanol (≥99.8%), acetone (≥99.5%), 10x TAE
buffer, 10x TBE buffer, cadmium oxide (CdO, ≥99.9%), sulfur (S, reagent grade, 100 mesh), 1octadecene (ODE, 90%), trioctylphosphine oxide (TOPO, 90%), trioctylphosphine (TOP, 97%),
tri-n-butylphosphine (TBP, 97%), methanesulfonyl chloride ( ≥ 99.7%), and tetramethyl
ammonium hydroxide pentahydrate (TMAH∙5H2O, ≥97%) were purchased from Sigma Aldrich.
Selenium (Se, 99.99%, 200 mesh), N,N-dimethylpropanediamine and dichloromethane
(>99.5%), were purchased from Alfa Aesar. Sodium carbonate, octadecylphosphonic acid
(ODPA, 98%), n-decylphosphonic acid (DPA, 97%), hexylphosphonic acid (HPA, 98%) and
methylphosphonic acid (MPA, 98%) were purchased from Strem Chemicals. Lipoic acid (LA, or
DL-thioctic acid) and 1,3-propanesultone were purchased from TCI. Sodium hydroxide, sodium
chloride, magnesium sulfate and chloroform were purchased from Fisher Scientific. GelSafe
Green and triethylamine (Et3N) were purchased from VWR.

6.2.2 Synthesis, Assembly and Purification
CdSe/CdS Quantum Rod Synthesis. See Section 2.2.2
Lipoic acid-zwitterion (LA-ZW) Ligand Synthesis. See Section 4.2.2
Phase Transfer of Quantum Rod via Photo-ligation. See Section 4.2.3.2
ZW/DNA Co-functionalization. See Section 4.2.4
DNA Origami Design and Assembly. See Section 5.3 and 5.4
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QR-Origami Assembly. In a typical reaction, DNA origami was incubated with ZW/DNAfunctionalized QRs with 5-50 folds of rod concentrations in a 10 mM tris-acetate solution with
100 mM NaCl for 2-3 hours on an ice bucket.

Gel Electrophoresis. The QR-Origami conjugates were purified via agarose gel electrophoresis.
A 0.75% agarose gel (w/w) was prepared by dissolving agarose in 1x TAE buffer solution,
subsequently heated in microwave, poured into a VWR Mini-cast gel system and cooled down
for one hour. Then the gel was immersed in 1x TAE buffer, each well was loaded with 20 µL
sample solution containing 5 µL glycerol (pure origami was dyed with GelSafe Green), and run
on ice water bucket for 20-40 minutes with a constant voltage of 80 V.

6.2.3 Instrumentation
Ultraviolet-Visible (UV-Vis) spectrophotometry. The UV-Vis measurements were collected
on a Varian Cary 50 Bio UV-visible spectrophotometer or a Varian Cary Bio 100 UV-visible
spectrophotometer between 300 and 800 nm.

Photoluminescence (PL) Emission Spectroscopy. The PL emission and anisotropy
measurements were conducted on a Fluoromax 4 spectro-fluorometer (Horiba Jobin Yvon)
equipped with excitation and emission polarizers. PL quantum yield of the nanocrystals was
measured with excitation at 400 nm and calculated versus rhodamine 6G in ethanol (QY = 0.95)
as the reference, see Section 2.2.4 for details.
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Transmission Electron Microscopy (TEM). The TEM micrographs were collected on a JEOL
JEM-2100 instrument operated at 200kV with a LaB6 electron source and CCD detector or a
JEOL-2000EX instrument operated at 100kV with a tungsten filament. Statistical analysis of
particle size and aspect ratio was performed manually using ImageJ and CorelDraw software on
populations of at least 100 counts.

Atomic Force Microscopy (AFM). AFM imaging was performed on Bruker Innova AFM
instrument using tapping mode with silicon noncontact cantilever probes (MikroMasch,
HG:NSC14 Al BS). Imaging was performed on mica substrates (Ted Pella) that were freshly
cleaved and pre-soaked with 125 mM magnesium acetate before rinsed with 10 mM tris acetate
buffer. In most cases, 10 µL sample solution was added to the mica surface and diluted with 25
µL TA buffer. The solution was allowed to sit for 15 minutes, and wicked away with filter paper.
The sample was rinsed with 10 µL TA buffer, dried with argon stream for > 90 s and ready for
imaging.

Ultracentrifugation (UC). The UC measurements were performed on a Beckman Coulter
Optima Max XP Ultracentrifuge. In a typical experiment, a 15%-65% sucrose gradient (w/v) was
prepared by successively adding heavier solutions to the UC tube from the bottom up, the
solutions were set at 4 °C overnight to form a continuous gradient. Then each ultracentrifuge
tube was loaded with the assembly solution and run through the sucrose gradient at 4°C with the
speed of 131,000g. After the ultracentrifugation, UC tubes were imaged under UV excitation.
The separated regions after ultracentrifugation was collected via needle.
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6.3 Rationales on Förster resonance energy transfer (FRET)

Figure 6.2. (a) Optical absorption (dotted lines) and emission (solid lines) spectra of QR(618)
(orange) and QR(652) (red). (b) Spectral overlap of QR(618) as energy donor and QR(652) as
energy acceptor. (c) FRET efficiency (E) plot of Förster distance (R0) with different dipole
orientation factors (# $ ).
Figure 6.2 shows the FRET efficiency plot of different rods alignment, revealing the
theoretical energy transfer efficiency between the QRs with varied distance and orientations. The
FRET efficiency (E) is given by:
v
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(Equation 6.1)
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where r is the donor-acceptor distance and R0 is defined as the Förster distance at which energy
transfer is 50% using the following relation:
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(Equation 6.2)

with ãD is the donor quantum yield, κ2 is the dipole orientation factor, N is Avagadro’s number,
n is the refractive index, and J(λ) is the spectral overlap integral, which relates the normalized
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donor fluorescence (fD) and acceptor absorbance extinction coefficients (εA) at each
corresponding wavelength, defined as:
ç

ä(B) = ∫} 4M (B)éè (B)BC 9B

(Equation 6.3).

In a typical FRET calculation, the relative orientation factor, κ2, is approximately 0.67 for two
freely rotating dipoles in solution. For two highly polarized QRs, since the inter-rod distance
and orientation is well known, the orientation factor can be calculated as:
# = (ê̂ è ∙ ê̂ M ) − 3(ê̂ è ∙ |í)( ê̂ M ∙ |í)

(Equation 6.4)

where ê̂ è and ê̂ M are the vectors describing the dipole orientation of the donor and acceptor,
respectively, and |í is the intersection vector between the two rods. In the QR-origami system, |í
can be held constant in the plane of the origami connecting the QR(618) and QR(652)
immobilized in Zones A and B, respectively. With this simplification, changing the angle of the
rods relative to the long axis of the origami allows for the computation of # for different
assemblies. The value for κ2 can be varied from 4 to 0 by changing the relative orientation angles
of the rods assembled on the origami. According to the calculations for dipole orientation
factor,49 the κ2 for our QR-origami assembly designs are: 4 for the in-line orientation, 1 for the
parallel orientation and 0 for the perpendicular orientation.

6.4 Results and Discussion
The CdSe/CdS quantum rods (QRs) used in this study were synthesized with a core/shell
rod-in-rod microstructure. A rod-shaped CdSe core with wurtzite crystal structure was first
prepared in the presence of specific alkylphosphonic acid.18,41,43,61,62 By controlling the injection
temperature of the precursors and the annealing time, varied core dimensions were obtained,
allowing for tunable emission colors. Then different aspect ratios of rod-shaped CdS shell were
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achieved by controlling the concentration of CdSe core added. Figure 6.3 (a) shows the
corresponding TEM micrographs. Two sets of QRs were synthesized, one with an aspect ratio
of l/w = 6.2 ± 1.2 (l = 36.4 ± 4.4 nm, w = 6.0 ± 0.7 nm) that emitted at 652 nm (denoted as
QR(652)), the other with an aspect ratio of l/w = 7.8 ± 1.8 (l = 50.6 ± 8.6 nm, w = 6.7 ± 1.4 nm)
and emitted at 618 nm (denoted as QR(618)).

After the synthesis, quantum rods were capped with a mixture of hydrophobic ligands
including phosphonic acids and trioctylphosphine oxide. Since the use of QRs in biocompatible
systems requires their aqueous solubility and colloidal stability with the presence of electrolytes,
we need to promote the transfer of QRs from hydrophobic environment to buffer solutions. In
our previous histidine-mediated approach, although the coordination of the a-amino group and
N(2) of the imidazole ring onto the surface Cd2+ can provide compact water-soluble QRs with
the optical properties well preserved, the histidine-coated QRs still have limited long-term
stability in the presence of high electrolyte concentrations or at various pH values. So here in this
study, a multi-coordinating ligand was synthesized. This molecule has one lipoic acid moiety as
the anchor for coordinating onto quantum rod surface, and a sulfobetaine-based zwitterion group
to increase the solubility in buffers. Upon UV irradiation, the dithiolane ring in lipoic acid was
reduced to DHLA and coordinated the LA-ZW ligand onto QRs surface, yielding the QRs with a
hydrophilic coating layer and forming a homogeneous solution when dispersed in water.

In addition to the ZW-coating, the self-assembly between QRs and DNA origami requires
the DNA functionalization of the QR surface. Here, a protection-deprotection strategy18 was
utilized to functionalize the rods with ssDNA and to ensure abundant DNA coverage. To

139

assemble different QRs onto separate areas of the origami, two types of DNA pool with different
nucleotide sequences were used in the two-color assembly study: U-type DNA was used for the
red-colored QR(652) in capture zone A on origami, and T-type DNA was used for the orangecolored QR(618) in capture zone B. For each type of the DNA strands, a long ssDNA with 25
bases was first partially hybridized with two short complementary strands of 7-8 bases. Then this
DNA pool was incubated with QR in a salt-aging process to ensure DNA coverage,63 the
dsDNA-coated QR was subsequently denatured by raising the temperature and then the free
ssDNA was separated out via ultracentrifugation. The final QR suspended in tris-acetate buffer
has good colloidal stability with spectroscopic properties well-preserved. Compared to the
traditional direct ssDNA functionalization method, this protection-deprotection approach utilized
the programmable rigidity and denaturation temperature of single-stranded DNA, which reduced
the non-specific DNA interactions and possible wrapping on the QR surface. Therefore, the
resulting DNA coverage was improved and can be quantified by hybridizing with Cy3 modified
complementary strands, which revealed a decent DNA coverage for both rods, as well as the
success of this ZW/DNA co-functionalization strategy.

140

Figure 6.3. (a) TEM micrographs for (i) CdSe/CdS QR (618) with aspect ratio of 7.8, and (ii)
CdSe/CdS QR(652) with aspect ratio of 6.2. Normalized (b) UV-Vis absorption and (c) PL
emission spectra of the hydrophobic (solid lines), hydrophilic with ZW-coating (dotted lines) and
ZW/DNA co-functionalized (dashed lines) QRs. Inset: Fluorescence images of QR(652) (top)
and QR(618) (bottom) in toluene (upper layer) and the water dispersion after phase transfer. (d)
PL anisotropy spectra showing the non-linear excitation dependent polarized emission of both
kinds of QRs.
Figure 6.3 (b) and (c) show the characteristic broad UV-Visible absorption spectra and
sharp PL emission spectra of the two sets of QRs. From the hydrophobic ones measured in
organic solvent, to the hydrophilic ones with only the ZW-coating and the ZW/DNA cofunctionalized in buffer solution, no obvious peak position shift or peak shape change was
observed, indicating the well preservation of spectroscopic properties of QRs over the
functionalization process. Figure 6.3 (d) also shows the PL anisotropy spectra of both rods,
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addressing that the linearly polarized emission as one of the unique properties of rod-in-rod
microstructure,46 which ensured its potential for energy transfer applications.

The design of DNA origami was based on M13mp18 circular DNA as scaffold strand and
212 staple strands.4,18 The rectangular shape (details shown in Figure 5.1) was achieved using
caDNAno software with the plank dimensions of approximately 155nm×55nm, and one duplex
in depth.64 Origami was assembled following the method developed by Rothemund4 and
Winfree,65 and purified via an approach combining PEG purification and low-molecular weight
cut-off (MWCO) filtration reported by Dietz.66 The origami can be divided into five zones, two
of which are QR binding zones (denoted as zone A and B) with pre-designed ssDNA strands
extended from the origami surface to hybridize with the ssDNA from QRs. In our group’s
previous work,18 capture strands were designed as a 1×6 array in each capture zone to assemble
QR in parallel alignment, which is, perpendicular to the long axis of origami substrate. In our
current design, capture strands were programmed in a 3 × 2 array in each capture zone to
conjugate with QR. The arrays in each zone were oriented as aligned, perpendicular, or parallel
to one another, mapping three rods orientations for the assembly. The new arrangement of
capture strands arrays led to an improvement on the orientation specificity and promoted the QRorigami assembly yield, since the rods were able to incorporate with origami not only with a
single row of capture strands, but also from sides of rods as they can sit in between of the two
strand rows.
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6.4.1 Incubation Ratio between QR and Origami

Figure 6.4. Gel electrophoresis result of ZW/DNA co-functionalized (1) U-QR(652), (2) TQR(618), the assembly conjugates with [QR]:[origami] ratios of (3) 50:1, (4) 20:1, (5) 5:1 and (6)
stained pure origami after a running time of 20 minutes (top) and 40 minutes (bottom), the
assembly yield improves when less QRs in excess.
To explore an appropriate incubation ratio between QRs and origami, ZW/DNAfunctionalized QR(652) and QR(618) were mixed with DNA origami of aligned capture strands
orientation with molar ratios ranging from 50:1 to 5:1 for both colors of QR. Figure 6.4 shows
the agarose gel electrophoresis result of columns loaded with the assembly conjugates of varied
incubation ratios, as well as free ZW/DNA-functionalized QRs and stained pure origami as
references for band position. The bands with mobility similar to, or lower than the pure origami
band (6) are the ones of assembled QR-origami, while the bands with mobility same as free rods
(1-2) are the rods in excess after each assembly. With increasing [QR]:[origami] ratios, intensity
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of the excess rods band decreases while the assembly band increases. When the ratio reaches 5:1
for both kinds of QRs, the intensity from excess rods had drastically dropped compared to the
50:1 ratio column, indicating a much higher assembly yield. Therefore, the [QR]:[origami] ratio
of 5:1 had been chosen as the one for future assemblies. It is worth noting that in Figure 6.4, with
higher origami-to-rod ratio, aside from the band with mobility slight lower than the pure origami
one, another band with much lower mobility also appeared. Considering the attribution of
assembly structure’s hydrodynamic diameter to the mobility in gel, the result here indicated the
formation of some aggregated or cross-linked structures.

6.4.2 Functionality of Origami Capture Strands

Figure 6.5. Gel image of the assembly conjugates with different capture strand orientations and
ZW-QR(618) functionalized with different ssDNA after a running time of 25 minutes (top) and
35 minutes (bottom): (1) – (3) are aligned origami + U/ZW-QR(618), T/ZW-QR(618), and both
kinds of QR(618), respectively, (4) – (6) are stained pure origami with aligned, perpendicular
and parallel orientations, (7) – (9) are parallel origami + U/ZW-QR(618), T/ZW-QR(618), and
both kinds of QR(618).
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Figure 6.5 shows the gel electrophoresis result using only the orange-emitting QR(618) to
assemble with origami to confirm the functionality of the origami capture strands on both the
assembly zones. These rods were functionalized with either U- or T- DNA, then hybridized with
the complimentary capture strands of different zones on origami in various patterns. Columns (4)
– (6) are pure origami with capture strand arrays aligned with, perpendicular to, and parallel to
each other, respectively, serving as proof for the formation of the rigid platform structure, as well
as reference band for the QR-origami assemblies. Columns (1) and (2) are the results of QR(618)
assembled with only one zone of the aligned design, while column (3) is the result for
assembling on both zones. After 25 minutes of running, the mobility of bands in column (3) are
almost the same as those in column (1) and (2), which are all lower than the pure origami band in
column (4), suggesting the successful loading and similar morphology of QR on origami.
Moreover, the fluorescence intensity of column (3) is an accumulation of column (1) and (2),
which confirmed the successful assembly in both zones with the aligned capture strand arrays.
Similarly, for the parallel design, bands in column (9) share comparable mobility to the bands in
column (7) and (8), but have the sum of the fluorescence intensity from the individual ones. This
result proved the functionality between the ssDNA of the parallel arrays on origami and the rods.
Since the capture strands of the perpendicular design composes the aligned array in zone A and
parallel array in zone B, the functionality of this design can also be confirmed here.
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6.4.3 Assemblies of Different QR Alignments

Figure 6.6. Gel image of (1) stained pure origami, the two-color QR-origami assembly
conjugates with the rods orientations of (2) aligned, (3) perpendicular, (4) parallel and control
groups of (5) ZW/DNA co-functionalized QRs and origami without capture strands, (6) capturestranded origami and QR not functionalized with ssDNA.
To investigate the assembly with controlled QR orientations and distances, the cofunctionalized QR(652) and QR(618) were incubated with DNA origami of three different
capture strands orientations, respectively, aiming for two-color assembly conjugates with rods
aligned, perpendicular and parallel to one another. For each kind of rods, the ratio to origami was
kept as 5:1. Figure 6.6 shows the assembly result demonstrated by gel electrophoresis after 25
minutes of running. Information on two aspects of the QR-origami assembly can be obtained.

First, the evidence on DNA-mediated assembly was revealed. Column (5) was loaded
with the assembly mixture of no capture strands on DNA origami and ZW/DNA functionalized
QRs, while column (6) loaded with the mixture of no ssDNA-functionalized ZW-coated QRs
with capture-stranded origami. For both columns, the gel bands only appeared at the position
similar to free rods, not to the origami one. This result proved that the assembly between origami
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and QRs can only happen owing to the DNA hybridization between the ssDNA on both the
origami and the QRs.

Second, for all three orientations, there are two major regions of assembly bands: one
with the mobility similar to the stained pure origami band, and the other with a lower mobility,
revealing a more aggregated assembly with higher hydrodynamic diameter. With the incubation
ratio determined previously, high assembly yield was achieved with almost no rods in excess.
When the alignment of rods changed from in-line, perpendicular, to parallel, more rods were
perpendicular to the long axis of origami, the chance of constructing larger assembly structures
increased. This trend may be due to the incorporation between rods and origami, i.e. the
flexibility and steric hindrance of the assembly conjugates when rods were in different
orientations.
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Figure 6.7. Additional gel electrophoresis result after a running time of 20 minutes (top), 30
minutes (middle) and 35 minutes (bottom) for the two-color QR-origami assembly conjugates
with the rods orientations of (1) aligned, (2) perpendicular and (3) parallel, as well as (4) stained
pure origami and (5) the ZW-QRs.
Figure 6.7 shows additional gel result where we could observe that, as the gel running
time increases, more and more gel bands involved from the original assembly band. These bands
have mobilities between the pure origami and free QR, it’s possible that during the longer
electrophoresis process, the increasing temperature in the buffer environment and high voltage
applied had caused the denaturation between the ssDNA on QR and capture strands on origami,
yielding dis-assembly of the system. Therefore, to achieve good separation between different
assembly species, i.e. mono- and dual-functionalized origami versus the aggregated structures, as
well as to preserve the assembly characteristics during the separation process, alternate
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purification approach such as sucrose gradient ultracentrifugation was explored and will be
introduced later.

Figure 6.8. (a) Representative AFM images in both height and phase modes of the QR-origami
conjugates (rods orientation: perpendicular) after assembly and then casting on mica. (b)
Zoomed images corresponding to the arrows in the height image of a. (c) Cross-section analysis
for the image inset of dual-functionalized origami.
Both the pure origami solution and crude QR-origami assembly solution could be cast on
mica and imaged using atomic force microscopy (AFM). Figure 6.8 (a) are representative AFM
images of the QR-origami conjugates in both height and phase imaging modes, where high
population of QR-functionalized origami can be observed. Figure 6.8 (b) are zoomed images of
dual-functionalized origami corresponding to the arrows in (a). The raised features on
rectangular-shaped origami showed higher contrast, suggesting the loading of harder inorganic
QRs on origami. Figure 6.8 (c) shows the cross-section analysis of a representative QR-origami
conjugate. The designed rectangular origami has the dimensions of 155nm×55nm×2nm. The
measured height of the origami platform is around 2nm and the raised features is in the range of
8-10 nm, considering the height of scanning background and the tip’s measuring precision when
at nanomaterial edges, these values correlate well with the width of our DNA/ZW-functionalized
QRs considering the length added from DNA helix.
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Figure 6.9. (a) Additional AFM height images of the QR-origami conjugates (rods orientation:
parallel) after assembly and then casting on mica, a high population of clusters are revealed. (b)
Representative zoomed images of pure origami showing certain degrees of deformation and
crossing-linking.
Figure 6.9 shows additional AFM results from imaging over many different regions on
the sample. A high population of both mono- and dual-functionalized origami, as well as a
number of assembled clusters containing multiple origamis and QRs cross-linked can be
observed. For the origami used for these AFM images, the capture strand arrays were designed to
be parallel to each other, previous statistical analysis of the rod alignment showed a high
percentage of QRs were angled between 61-90° to the long axis of origami, indicating the
effectiveness of our orientation control with the 3×2 array of capture zones. Also, the frequent
appearances of assemble clusters over simple assembly between one origami and two rods on
these images is consistent with our gel electrophoresis result for this orientation, which showed a
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higher percentage of constructing larger structure with hydrodynamic diameters much larger than
pure origami.

Figure 6.10. Sucrose gradient ultracentrifugation (UC) results for the assembly with three rods
orientations (tube 1: aligned; tube 2: perpendicular; tube 3: parallel), and a control tube
containing only stained origami: fluorescence images of UC tubes after 60 minutes and 90
minutes of centrifugation with corresponding optical intensity graphs after different time
intervals.
As discussed previously, the increase temperature and high voltage during the gel
electrophoresis process might decrease the QY, affecting the DNA hybridization between QRs
and origami, and alternating the assembly status over time. To further investigate on the
assembly with less interference from the environment during the characterization process,
gradient ultracentrifugation (denoted as UC) was employed for the assembly solutions.18,63,67
Figure 6.10 shows the result for a QR: origami 5:1 ratio assembly with three origami orientations
and a reference tube containing only stained DNA origami, tubes with different assembly
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orientation were labeled from (1) to (3). After 60 minutes of UC, the solutions in tube (1)
separated into two regions, whereas solutions in (2) and (3) still traveled as a uniform band. The
fluorescence from QRs can serve as a visual indicator of the band separation process and help to
determine the travel distance of different constructs. The migration of fluorescent bands in
experimental tubes went further than the pure origami one, but still had positions higher than the
free rods (as shown in Figure 6.12), therefore, the fluorescence of these bands came from the
QRs loaded on origami as confirmation of the assembly. If the tubes were left to run for another
30 minutes at same UC conditions, all the bands traveled further and became more dispersed.
The two regions in tube (1) were separated better, the original single band in tube (2) was
evolved into two regions, while the band in tube (3) still stayed a uniform one. This result also
correlates well with our gel electrophoresis result above: two assembly bands were observed for
the aligned and perpendicular orientations, but for the parallel orientation, much higher
percentage of assembly consisted of larger structure, which has lower mobility in gel and
migrates further together in UC.

6.4.4 FRET Efficiency Evaluation
To determine the components in each region, fluorescent bands were extracted from
tubes after the ultracentrifugation. The photoluminescence spectra of the extracted solutions were
measured and deconvoluted with respect to the emission peak positions of QR(618) and QR(652).
Figure 6.11 shows the experimental spectra, the fitted ones, deconvolution results with respect to
the red and orange QRs, as well as the PL ratios between the peaks. As shown in figure 6.2, if
considering the assembly as a FRET system, QR(618) acts as the energy donor and QR(652) as
the acceptor. For the band with higher position from the assembly of aligned orientation, the
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experimental PL ratio between acceptor and donor was 0.15, which corresponds to the D-A
distance of 20-25 nm from the FRET efficiency plot in figure 6.2. This distance value correlates
well with the distance between the two capture zones on DNA origami from the design
considering the length of the rods, therefore confirmed the functionality of our assembly system.
But the results from the lower band of the aligned orientation, or the bands from other
orientations all had higher experimental PL ratios than the theoretical values.

Figure 6.11. Fluorescence spectra of the highlighted bands in Figure 7 after 90 minutes of
ultracentrifugation for the assembly with three rods orientations, and deconvolution for QR
peaks. Inset: the ratios between fitted PL peaks with QR(618) as energy donor and QR(652) as
acceptor.
Figure 6.12 shows the result of another experiment for the assembly with only the
perpendicular and parallel orientations, and a reference tube containing both the stained DNA
origami and free QR. The loading of QR onto DNA origami was again confirmed based on the
relative migration speed of the band. The experimental PL ratios between acceptor and donor
were still higher than the theoretical value but lower than the ratio from the control tube. This
result indicates that, the assembly platform of DNA origami did provide spatial separation and
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decrease the incorporation between different colors of QR to some extent, but the non-specific
interactions between rods still existed and limited the well-differentiation between different rod
orientations.

One consideration is the low fluorescence intensity due to the dispersion of each band
after a long time of UC, which increased the chance of error during the peak fitting. Another
reason of this result may still be related to the agglomeration condition of the assembly
conjugates, as we have observed from the gel electrophoresis and AFM imaging results, a large
number of origami were not just in the form of mono- or dual-functionalized assemblies, but
clusters containing multiple QR-origami conjugates, which increased the non-specificity of the
energy transfer routes between the rods, and decreased the programmability of this assembly.

Figure 6.12. Sucrose gradient ultracentrifugation results for the assemblies of two rods
orientations (1 = perpendicular, 2 = parallel), together with a control group containing no-DNAfunctionalized origami and ZW-QRs: (a) Fluorescence images before, after 30 and 60 minutes of
centrifugation. (b) Fluorescence spectra after extraction of the highlighted bands and
deconvolution for QR peaks.
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To evaluate the function of the DNA origami building blocks in this assembly system and
the effectiveness of the UC purification method, figure 6.13 shows the result for PL monitoring
of the assembly with three origami orientations and a control solution with no DNA origami
added. No separation method was used for the solutions measured here. Over the PL
measurement time, a gradual decrease of PL intensity and broadening of peak area were
observed. More importantly, at the end of the experiment, the PL ratios between acceptor and
donor of all QR orientations were all higher than the value from the control experiment.
Therefore, without separating the QR-origami aggregated clusters from the simpler assemblies,
the platform provided by DNA origami could actually induce the non-specific interactions
between rods compared to the rods free in solution. The aggregation hindered the differentiation
between different rod orientations. Thus, the appropriate purification via UC is crucial for
obtaining a good assembly system for energy transfer studies.

Figure 6.13. Photoluminescence (PL) measurements of the assembly with different rods
orientations: (a) PL spectra at the start and end points of the monitoring time, and deconvolution
results for QR peaks after fitting. (b) With QR(618) as energy donor and QR(652) as acceptor,
the ratios between PL peaks over time show no significant changes between different
orientations, revealing that little QR-to-QR energy transfer happen in current system.
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The goal of this study is to control the assembly of QRs on DNA origami with predesignated alignments and to assess the system for potential FRET applications. While the
assembly stoichiometry is highly related to the nature of the origami type, and the flexibility of
current one-duplex depth design was revealed both by CanDo software simulation result18,68 and
the twisting and bending features observed in AFM images, this flexible structure may make it
difficult for QR binding on both capture zones, given the modest assembly yield of dualfunctionalized ones. Other drawbacks of the current origami design include the introduction of
head-to-tail cross-link during assembly due to the length of end strands on both sides, and the
long distance between the two capture zones which increased the donor-acceptor distance for
FRET studies. To overcome these challenges, a hexagonal lattice with six-helix depth68–70 was
designed and will be utilized as the choice of origami for our future work. The new origami
design not only has a much more rigid structure, making it a much better choice of assembly
stoichiometry control, also the middle zone and the end zones were mostly deleted for lower D-A
distance and less aggregation between origami itself. Thus, it will be a more programmable
platform for QR assembly and inter-rod energy transfer studies.

6.5 Conclusions
In conclusion, the synthesis of DNA origami and CdSe/CdS core/shell quantum rods, the
QR surface co-functionalization with ZW ligand and ssDNA, and the DNA-mediated assembly
of those QRs onto DNA origami with pre-designated alignments were described. The assembly
between QRs and origami was characterized via gel electrophoresis. The rods alignment on
origami was visualized by AFM, which revealed a significant amount of mono- and dualfunctionalized origami in expected orientations in the assemblies but also the formation of QR-
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origami clusters. The purification of conjugates via gradient ultracentrifugation was proven to be
critical for obtaining more discrete assemblies. But the overall optical characteristics indicated
not much differentiation between different orientations in terms of energy transfer efficiency.
Future work may focus on using a hexagonal lattice origami design with decreased donoracceptor distance and better rigidity, which is more suitable for the FRET studies between the
assembled QR.
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Chapter 7
Conclusion and Outlook

In this thesis, I described my dissertation work on the development, characterization,
surface modification of semiconductor nanocrystals, quantum rods in particular, and the
incorporation with DNA-mediated self-assembly on DNA origami, which harnessed their unique
anisotropic optoelectronic and colloidal properties. First, I described the synthesis and
characterization of quantum rods with systematically tuned aspect ratios and emission colors in
Chapter 2. A series of CdSe QR with wurtzite crystal structure and various degree of anisotropic
properties were prepared via hot injection approach in different ligand compositions. CdSe/CdS
core/shell QR with dot-in-rod and rod-in-rod microstructures were synthesized with seeded
growth method. Post-synthetic addition of ion-ligand pairs have been proved to increase the
quantum yield of QRs without altering the general optical properties, but the conditions of this
reaction still need better tailoring for a more consistent QY improvement result.

I then investigated the binding of phosphonic acids (PA) as a function of aspect ratio of
these CdSe and CdSe/CdS nanocrystals, which is described in Chapter 3. By combining 1H NMR
with 2D DOSY, the different PA binding strengths were distinguished and the surface ligand
density (LD) at each nanocrystal was quantified. With increased aspect ratio, a general
broadening of phosphonic acid diffusion time was observed, suggesting a transition from a
tightly bound compact system, to a weakly bound low-density system. Additional 2D ROSY
studies performed concurrently to DOSY related observed T1 relaxation times to ligand binding
type and monolayer structure. Various T1 relaxation times for protons along the length of the
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ligands were observed for low aspect ratio nanocrystals, while high aspect ratio systems showed
a uniform T1 time for each proton, indicating a model of tight monolayer packing for low aspect
ratios, and sparse, flat binding or wrapping at high aspect ratios. These findings allowed for
further insights into the interfacial interactions and ligand binding mechanisms of QR with
varied aspect ratios.

Next, in order to use the synthesized QR in DNA-mediated self-assembled nanostructures
for biocompatible applications, I described my work on functionalizing the QR surface with
different phase transfer ligands and single-stranded DNA (ssDNA) in Chapter 4. To maintain the
colloidal and optical stabilities of QR in aqueous media, bi-functional lipoic acid-appended
zwitterion (LA-ZW) ligands were synthesized. The hydrophobic QRs were phase transferred by
photo-ligation with the LA-ZW ligands. This strategy was proved to be promising for preserving
the optoelectronic properties, yielding good colloidal stabilities, as well as surface DNA
functionalities in buffer solutions. However, more extensive studies are underway to
quantitatively analyze the ssDNA coverage on the QR and the colloidal stability against high
electrolyte concentrations.

In Chapter 5, I described my work on the design and assembly of DNA origami
incorporated with capture strands to orient multiple QRs in different patterns. The rationales for
the design of a rectangular DNA origami with single-helix depth square lattice structure and its
capture strand arrays, as well as exploration on using different purification approaches were
discussed. The combination of polyethylene glycol (PEG) purification and low-molecular weight
cut-off (MWCO) filtration successfully improved the purity of origami product. The QR
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assembly efficiency with the updated capture strand design was confirmed by AFM imaging,
which suggested a large percentage of correctly oriented mono-functionalized QR-origami
conjugates. Based on the experimental results and mechanical simulations, an updated design of
hexagonal lattice structure with higher rigidity and improved recognition between the loading
components was also evaluated.

Lastly in Chapter 6, I described my work on a DNA-mediated approach to assemble QRs
on the rectangular DNA origami in different orientations. The assembly between QRs and
origami was investigated via gel electrophoresis. The rod alignment on origami was visualized
by AFM imaging, which revealed a significant amount of mono- and dual-functionalized origami
in expected orientations in the assemblies but also the formation of QR-origami clusters. The
QR-origami conjugates were further purified by gradient ultracentrifugation, which was proven
to be critical for obtaining more discrete assemblies. Optical characteristics of the assemblies
were studied using PL spectroscopy. The results indicated that the DNA-mediated QR-origami
self-assembly was achieved with a significant amount of origami functionalized with rods in
designated orientations. But the overall optical characteristics indicated not much differentiation
between different orientations in terms of energy transfer efficiency. Future work may focus on
using the hexagonal lattice origami design with decreased donor-acceptor distance and better
rigidity, which is more suitable for the FRET studies between the assembled QR.
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